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Cyclic nucleotide-gated (CNG) channels conduct N,
K+ and Ca&* currents under the control of cGMP
and cAMP. Activation of CNG channels leads to depol-
arization of the membrane voltage and to a concomitant
increase of the cytosolic C&* concentration. Several
polypeptides were identified that constitute principal
and modulatory subunits of CNG channels in both
neurons and non-excitable cells, co-assembling to form
a variety of heteromeric proteins with distinct biophys-
ical properties. Since the contribution of each channel
type to Ca?* signaling depends on its specific Ca
conductance, it is necessary to analyze €4 permea-
tion for each individual channel type. We have analyzed
Ca?* permeation in all principal subunits of ver-
tebrates and for a principal subunit from Drosophila
melanogastenVe measured the fractional C&* current
over the physiological range of C&* concentrations
and found that Ca2* permeation is determined by
subunit composition and modulated by membrane
voltage and extracellular pH. C&* permeation is
controlled by the Ca2*-binding affinity of the intrapore
cation-binding site, which varies profoundly between
members of the CNG channel family, and gives rise
to a surprising diversity in the ability to generate
Ca?* signals.
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Introduction

Cyclic nucleotide-gated (CNG) channels of vertebrates are

cation channels controlled by the cytosolic concentration of
cGMP or cAMP (for recent reviews, see Kaupp, 1995;
Biel et al, 1996a; Finnet al, 1996; Zagotta and
Siegelbaum, 1996; Leét al., 1997). The channels conduct
mixed cation currents, carried by NaK™ and C&" ions,
and serve to couple both electrical excitation and*Ca
signaling to changes in cyclic nucleotide concentrations.

Studies of signal transduction in sensory cells have borne
out the central aspect of €apermeation in CNG channel
function, and recent discoveries of CNG channels in other
cell types, including various populations of brain neurons,
stimulated a widespread interest in their permeation prop-
erties related to the physiology of non-sensory neurons
and non-excitable cells. CNG channels have been proposed
to control sperm motility (Weyaneét al., 1994; Wiesner
etal, 1998), axon guidance (Coburn and Bargmann, 1996)
as well as synaptic transmission (Rieke and Schwartz,
1994; Savchenket al.,, 1997) and plasticity (Zufakt al,
1997). C&" entry through CNG channels is of particular
interest in this context because it represents an alternative
pathway for C&" entry that is virtually independent of
membrane voltage, and links cAMP/cGMP signaling and
C&* homeostasis without utilizing protein kinases.

A number of biophysical studies have revealed that
striking differences in the interaction with €a ions
distinguish CNG channels in rod and cone photoreceptors
and OSNs (Nakatani and Yau, 1988; Colamart&taal.,
1991; Perry and McNaughton, 1991; Root and MacKinnon,
1993; Zufall and Firestein, 1993; Eismamt al, 1994;
Fringset al, 1995; Park and MacKinnon, 1995; Picones
and Korenbrot, 1995). G4 ions enter the channel from
the external solution and bind to a set of glutamate residues
within the channel pore (Root and MacKinnon, 1993;
Eismannet al, 1994; Park and MacKinnon, 1995). In the
accompanying paper (Seifegt al., 1999), we show that
these glutamate residues form binding sites of distinctively
different C&* affinity, which is expected to cause a
pronounced diversity in C& permeation. Here we analyze
the relationship between €aaffinity and C&" permea-
tion quantitatively. We examine four CNG channel types
whose C&" affinity was determined previously by &€a
blockage (Baumanet al., 1994; Fringset al., 1995), and
study C&" permeation by measuring the fractional’Ca
current at physiological ion concentrations. We manipulate
ca™* affinity experimentally by changing membrane volt-
age and extracellular pH and explore the consequences
for Ca&* permeation. Furthermore, we investigate the
influence of modulatory channel subunits that co-assemble
with the principal subunits and alter the structure of the
intrapore binding site. Of particular interest are modulatory
subunits that contribute to the binding site uncharged
glycine residues and have been shown to reduc&€ Ca
affinity (Kérscheret al,, 1995). The results of these studies

In vertebrate photoreceptors and olfactory sensory neuronsProvide a framework for understanding the molecular

(OSNs), where the role of CNG channels in signal

basis of C&" permeation in CNG channels. They show

transduction is best understood, CNG channels depolarizethat the amount of C& entering a cell through these
the membrane voltage and, in addition, determine the channels is determined by the binding affinity of the

activity of a number of C& -regulated proteins involved
in cell excitation and adaptation (reviewed in Kaupp and
Koch, 1992; Koch, 1995; Korenbrot, 1995; Frings, 1997).
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intrapore binding site, and that €apermeation critically
depends on the set of CNG channel subunits expressed
by a cell.
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Results

We measured the contribution of €acurrent,l, to the
total channel current,;, passing through heterologously
expressed CNG channels under physiological conditions.
We combined whole-cell recordings &f with measure-
ments of the C#-induced changes in fluorescence
intensity from FURA-2-loaded cellsFggg to determine
the ratio of C&" current to total currentllt), called
fractional C&* current orP; (Neher and Augustine, 1992;
Schneggenburgest al.,, 1993; Fringset al., 1995)

ICa

P (1)

It

Several conditions must be fulfilled to obtain a reliable
measure oP;. (i) The C&"-buffering capacity of FURA-
2 must greatly exceed the endogeneougd @aiffering
capacity of the cell. (i) The Gd-induced fluorescence
decrementfF;5) and the time integral of the cGMP-
induced currenfidt (i.e. the amount of charge trans-
ported by CNG channels) must be strictly proportional to
each other. (i) The relationship between?Cantry and
the change iffF3gg must be known. Experiments performed

the dye. The fractional G4 current is calculated from
the two signals as described in Materials and methods.
Using this method, we were able to obt&nvalues over
the whole range of [G4], for all channel types.

With its wide range of C# affinities, the CNG channel
family offers a unique opportunity to address the following
questions. (i) To what extent does the fractionalCa
current differ between CNG channels of different?Ca
affinity? (ii) How doesP; depend on the extracellular
C&* concentration? (iii) How sensitively do® respond
to modifications of C& affinity by changes inv,, or
extracellular pH? (iv) What is the influence of modulatory
channel subunits oR;?

CNG channels show large differences in Ca?*
permeation

The CNG channel family of vertebrate ion channels is
encoded by five distinct genes that generate three principal
and two modulatory subunits. The principal subunits
CNCal (first identified in rod photoreceptors; Kaupp
et al, 1989), CN@?2 (first identified in cone photorecep-
tors; Binigk et al., 1993; Weyanet al., 1994) and CN@G3

(first identified in OSNs; Dhallaret al., 1990; Ludwig

to fulfill these conditions are described in Materials and et al., 1990) form functional CNG channels when hetero-
methods. Animportant prerequisite for accurate determina- logously expressed as homomeric proteins. Modulatory
tion of P; is the fast and controlled activation of CNG subunits do not express functional CNG channels by
channels. In an initial approach to meastein CNG themselves, but they co-assemble with principal subunits
channels, we loaded cells with 8-Br-cGMP while blocking and determine important channel properties including

the channels with extracellular Mg (Fringset al., 1995).
Removal of Md" opened the channels, ang and
Fsgo Were recorded. However, this method had severe
limitations and allowedP; recordings at physiological
levels of extracellular Gd, [C&*],, only in one CNG
channel type. The relatively slow decline of ktgblockage
during washout hampered analysis of small signals. In
addition, Mg is not a perfect blocker for CNG channels,
and competition of Ca with Mg2* for the cation-binding
site resulted (particularly at higher levels of fC4,) in
substantial C& influx even before Mg" washout. To
overcome these technical limitations, we used a different
strategy for channel activation for the present study (Figure
1A). Cells were filled with caged cGMP or caged 8-
Br-cGMP, which are photolabile, biologically inactive
derivatives of channel ligands (Corrie and Trentham, 1993;

ligand sensitivity and ion selectivity. The modulatory
subunit CN@4 was identified in rat OSNs (Bradley al.,
1994; Liman and Buck, 1994) and was shown recently to
be associated with the native olfactory channel (Sautter
et al, 1998). Additional modulatory subunits are derived
by alternative exon usage from a fifth gene, @MCand
were shown to co-assemble with CNC in the native
transduction channels of rod photoreceptors (BRG
Chenet al.,, 1994; Kascheret al., 1995) and with CNG3

in OSNs (CN@1b; Sautteret al,, 1998). In this study,
we use the following abbreviations for simplicity: bR
for homomeric bovine CN&1 channels, bC for bovine
CNCa2 and bO for bovine CN@3. In addition, we
investigate a CNG channel cloned fromrosophila
melanogastesensory organs (Baumaet al.,, 1994; here
referred to as Dm).

Hagenet al., 1996, 1998). These substances release ligand Figure 2A shows recordings df and Fsgy from one

upon irradiation with a flash of UV light, inducing channel
activation within a few milliseconds (Karpegt al., 1988;
Hagenet al., 1996). The amount of ligand liberated by a
single flash is limited by two factors: the solubility of the
caged compounds in physiological solutions does not
exceed 120-15QM (Hagenet al., 1996, 1998); and the
duration and intensity of the light flash must be limited
to prevent bleaching of FURA-2 which would bid
measurements. Due to these limitations, only 10gR0

of ligand could be photoreleased by a single flash, which
was, however, sufficient to obtafy measurements from

cell expressing bC at 0.1 mM [€4], and from another
cell at 1 mM [C&*],. |1 is 10 times larger at 0.1 mM
(left traces) than at 1 mM (right traces), whereas the
fluorescence signals, i.e. the Lainflux, are largely
similar (compare traces in Figure 2A). Accordinghy;
values determined from these cells were 0.023 and 0.33
at the low and high [CH],, respectively, demonstrating
that elevated levels of [Gd], strongly increase the
fractional C&" current. We determined the dependence
of P; on [C&"], for each type of CNG channel by
varying [C&"], over the entire range of physiological

all channel types investigated. Figure 1B shows an exampleconcentrations, while keeping the concentrations of other

of such an experiment. The light flash (arrow) induces an
inward current i) that declines after reaching a maximum
due to degradation of photoreleased cGMP by endo-
geneous phosphodiesterase activity. Together yitha
change in the fluorescence signalF{gy) is recorded that
originates from C#&" influx and binding of C&" ions to
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permeable cations constant. The?Calependence oP;

is illustrated in Figure 2B, which presents collected results
from 61 cells expressing b®; increases steeply between
0.3 and 3 mM C&" and reaches unity at [€&], =6 mM,
indicating that bC conducts a pure €acurrent at this
concentration. The G4 dependence d is characterized
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Fractional Ca2* currents in CNG channels

Fig. 1. Determination of the fractional Ga current in CNG channelsA) Experimental design: an HEK-293 cell expressing CNG channels is
loaded through a patch pipette in the whole-cell configuration with caged cGMP and FURA-2. Photorelease of cGMP by a UV flash leads to
activation of channels that conduct both™Nand C&*. An electrode inside the patch pipette records the total curkgrand C&* entry is

monitored by changes in the FURA-2 fluorescerfegy, recorded by a photon counter. For quantitative recording éf @aflux, FURA-2 is used at
a concentration of 1-2 mM, which prevents loss of inflowing Cto cellular C&" buffers and transport system®&)(Evaluation of data recorded at
—70 mV from a cell expressing bO. [E4, was 0.3 mM; the pipette contained fi caged cGMP and 1 mM FURA-2. The experiment was
started with a 500 ms UV flash of 0.6 mW (arrow). Whole-cell currégt §nd FURA-2 fluorescence Fzgg were recorded simultaneously.
Fluorescence intensity is given in bead units (BU). Superposition of fluorescence and current infegtialgiven in nanoCoulomb) indicates
proportionality within the time segment marked by the vertical lines. This segment is used to calculate the VatuAmfgy[l+dt, and to determine

the fractional C&" current,P;, as described in Materials and methods.

by the P; constantKp;, representing the value of [€4,
at which half of the current is carried by €a(P; = 0.5).

nA of Na" current in Ca'-free solution at —70 mV.
Using caged compounds, it was possible to obt@jn

Kps has a characteristic value for each CNG channel type measurements at four different £aconcentrations and

and was found to be 1.38 mM for bC.

to determineKp;. Cells expressing a high density of bR

Ps values were obtained from cells expressing channels channels could be analyzed when caged 8-Br-cGMP was
at different densities. This raises the concern that local used for channel activation, because bR channels display
changes of ion concentrations may occur at high current higher sensitivity for 8-Br-cGMPKy,, = 9.5 uM) than
densities, as reported previously for photoreceptors for cGMP K, = 80 uM; Altenhofen et al, 1991).

(Zimmermanet al, 1988). Because of the steep?Ca
dependence of;, a drop in the local Ca concentration
at the extracellular channel entry may relieve2Ca
blockage and reduce &a permeation. To investigate
whether such a local Ga depletion has biased thie

data, we studied the relationship betwdgnvalues and

Nevertheless, full activation of channels was not accomp-
lished because the photorelease of 8-Br-cGMP was limited
by solubility of the caged compound and light intensity

as discussed above. Control experiments without caged 8-
Br-cGMP ensured that neither current nor fluorescence
recordings were altered by effects unrelated to channel

current density. As a measure of current density, the total activation (Figure 2C). The Ga dependence of; is

current at 0.3 mM C& was related to the membrane
capacitance (which is proportional to the cell surface
area). A plot of P; against the current density (inset in
Figure 2B) shows no systematic changePpfover a 30-
fold range of current density (1.5-50.8 pA/pF). This result
shows thatP; values are not diminished through local
depletion of extracellular Ga under our experimental
conditions.

Analyzing the C&" dependence d® for bR was more

characterized by &p; of 0.41 mM (Figure 2D; 17 cells),
demonstrating that bR conducts a pure?Caurrent
already at 1 mM [C&],. This result is at variance with
a P; value that we obtained in a previous attempt to
measure fractional €& currents in bR channels using the
Mg?*" washout technique (Fring al., 1995). We meas-
ured a much lower value fd?; at 0.3 mM [C&T], as a
result of inaccuracy in the determination kf and Fsgq
during Mg?™ washout. Particularly when analyzing very

demanding because bR is extremely sensitive to blockagesmall signals in &; experiment, rapid channel activation

by extracellular C& (Root and MacKinnon, 1993;
Eismannet al., 1994; Fringset al., 1995). Currents and
fluorescence signals recorded in the presence &f Ca
from cells expressing bR were much smaller than with

is a critical pre-condition for obtaining reliable measure-
ments, and this cannot be achieved by the relatively slow
Mg?* washout technique.

Ca&* blockage of bO is comparable with b®&;(= 92

other channels. Channel densities, however, were similar,uM at =70 mV; Fringset al, 1995) so that signals of
since bR-, bC- and bO-expressing cells produced up to 1similar size were recorded even at millimolar fCh.
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Fig. 2. The fractional C&" current of bC and bR channelsA) The relationship of current; and fluorescence,Fsgq in bC at the indicated
concentrations of extracellular €3 [Ca&*],. Recordings from two different cells at =70 mV with 1M caged cGMP and 2 mM FURA-2. Flash
duration: 20 ms. The slow decay of inward currents results from hydrolysis of cGMP by endogenous phosphodiesterase activity (for details, see
Hagenet al., 1996). This decay is irrelevant to tifg measurements as it only reflects a decread®,i(see below).B) Dependence of; on

[Ca?'], for bC at =70 mV. To determine the value of {4, where half of the channel current is carried by?Cdthe P; constantKpy), the solid

line was constructed using a Hill-type equatidh & c[c” + (Kpp"], ¢ = [Ca2t],) with Kps = 1.38 mM. Inset: plot of; against current density.

The maximal flash-induced current in each cell is related to the membrane capadiadata were obtained from 27 cells at 0.3 mM {Ch

and —70 mV, and show no systematic variation with current den§ifyS{multaneous current and fluorescence recordings from two cells expressing
bR without (left panel) and with (right panel) caged 8-Br-cGMP in the pipette solution. The flash duration was 100 ms (arrow4), wity0 mV,
[Ca&t], = 1 mM, 2 mM FURA-2 and 12QM caged 8Br-cGMP. The control experiment on the left shows that the UV flash does not induce
current or fluorescence signals unrelated to CNG chanri@)sC&€*+ dependence d?; for bR at —70 mV. The solid line was constructed with

Kp = 0.41 mM.

Table 1. Fractional C&" currentPs of four homomeric CNG channels

[Ca2*], (mM) bC bR o) Dm

0.1 0.02:0.01 (5) 0.16:0.03 (4) 0.05-0.02 (7) 0.01-0.01 (5)
0.3 0.10:0.01 (4) 0.24-0.06 (4) 0.13-0.02 (9) 0.03:0.016 (7)
0.5 0.17:0.03 (9) 0.52:0.10 (6) 0.21-0.04 (8) 0.05:0.01 (12)
1 0.36+0.08 (10) 0.98:0.07 (3) 0.3%0.07 (8) 0.16:0.02 (9)
1.5 0.52:0.10 (5) - 0.53:0.08 (5) -

2 0.65:0.14 (8) - 0.6%0.12 (6) 0.22:0.04 (4)
3 0.80+0.14 (11) - 0.85:0.13 (5) 0.35-0.05 (5)
6 0.91+0.13 (6) - 0.93:0.13 (3) 0.66:-0.10 (5)
10 0.99-0.10 (3) - 1.0#0.12 (2) 0.790.10 (6)
20 - - - 1.030.17 (5)
Kps (MM) 1.38 0.41 1.24 4.16

Ps values were measured at —70 ni{4; values indicate the Ga concentration folP; = 0.5.

The collected data for nine different €aconcentrations

ability to conduct pure Ca currents at low millimolar

obtained from 53 cells (Figure 3, filled squares) yielded [Ca"],. The C&" dependence d¥ for the D.melanogas-

a Kps of 1.24 mM, which is in good agreement with our
previous value (1.1 mM; Fringst al., 1995), illustrating
that bO resembles bC both in its Caaffinity and its
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ter CNG channel, Dm, was shifted to much higher levels
of [C&"],, and the data from 58 cells yieldedKa; of
4.16 mM (Figure 3, open squares). Thus, the Dm channel
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Fig. 3. Dependence of the fractional €acurrent on [C&*], for four
different CNG channels. ¢4 dependence dP; is shown for bR @),
bO (@), bC (©) and Dm (J). Solid lines were constructed with

Kpt = 1.24 mM for bO and withKp; = 4.16 mM for Dm. Data for bR
and bC are from Figure 2. AP; values, standard deviations and
numbers of experiments are summarized in Table I.

does not conduct a pure €acurrent at [C&"], below
10 mM. This is consistent with the observation that Dm
shows the lowest CGa affinity of the four channel types
(Kij = 352 uM at —80 mV; Baumanret al., 1994).

All Ps values of the four channel types and the derived
constant¥p; are summarized in Table I. Two conclusions
can be drawn from these results. First, channels like
bR with a high-affinity intrapore CGa-binding site are
characterized by a low value dfp;, whereas channels
like Dm with a low-affinity C&"-binding site display a
high value ofKp;. Secondly, all CNG channels can carry
apure C&" current in the low millimolar range of [G4],,
even at 10-fold higher concentrations of monovalent
cations.

Does Ps depend on the open probability of
channels?

Fractional Ca2* currents in CNG channels

0
0.1 0.3 0.5 1
2+
[ca“"1, (mM)

Fig. 4. Py measurements at low and high open probabiliy) Two
recordings from the same cell expressing bO with UV flashes of 20
ms (left traces) and 100 ms (right traces) duratiepnafter the first

flash was near 0.1. Following hydrolysis of the photoreleased cGMP,
the second flash producedPg of ~0.9.V,, = =70 mV, [C&'], = 0.3
mM, 2 mM FURA-2, 75uM caged 8Br-cGMPP; values were 0.11 at
low and 0.12 at highP,. (B) Comparison of; values measured at 0.5
mM [C&*], with intracellular K" (open bars) or Cs (filled bars) for
bC, bO and DmV,,, = —=70 mV). Data are means and standard
deviations of 3-12 measurements ea€). $ingle-channel recording
from a bC channel. Inside-out patch with standard extracellular
solution (plus 1 mM EGTA) in the pipette, and intracellular solutions
containing either K or Cs" as main cation and 1 mM cGMP.
Recorded at —-50 mV, filtered at 1 kHz. The dotted line indicates the
closed state of the channeD) Comparison ofs values at —70 mV

for 0.1, 0.3, 0.5 and 1 mM [C&], measured with 120 mM [Ng,
(open bars; data from Table I) or 120 mM [, [filled bars;
0.068+0.006 (3); 0.202-0.018 (6); 0.368:0.032 (4); 0.5450.057

(7)]. The values calculated fd?(Li *) using Equation 2 (hatched bars;
0.062, 0.246, 0.376 and 0.623) are consistent with measured values.

recordingAFsgo and I+ at low P, a period of 3 min was

Each channel type investigated here has a different ligandallowed for complete degradation of cGMP by PDE and
sensitivity and, although we used concentrations of cagedclosure of the channels. A flash of 100 ms was then
ligand corresponding to ~10 times tKg,, (see Materials applied to adjusP, to ~0.9, and &5 value at thisP, was
and methods), we could not fully activate CNG channels obtained from the same cell (Figure 4A, right traces). The
in our experiments. Because of the limited control of open mean ratio ofP; values from four such experiments was

probability (P,) in our experiments, ouP; recordings
were obtained at different levels &, If the fractional
C&" current changes witP,, P; values obtained at

Ps (low P.)/P; (high Py) = 0.97+0.02, demonstrating
that P; does not depend oR, under our experimental
conditions.

differentP, may not be compared with each other. To test
this possibility, we determineB; values in bO at low and  Does the fractional Ca?* current depend on
high P, monovalent cations?

Both measurements were taken from the same cellIln a pioneering work on photoreceptors, Nakatani and
expressing bO in two successive experiments, taking Yau (1988) measured the contribution of?Cdo the dark
advantage of the endogeneous phosphodiesterase (PDE)urrent conducted by cGMP-gated channels in the plasma
activity that hydrolytically destroys photoreleased cGMP membrane of the rod outer segment. The rationale of

within a few minutes (Hageret al., 1996), allowing
repeatedP; measurements with the same cell. Fingf,
was adjusted to ~0.1 by using 78M caged cGMP and
light flashes of 20 ms duration (Figure 4A, left traces;
see Materials and methods for estimationRpj. After

these experiments utilized the fact that?Caenters the
photoreceptor through CNG channels and is extruded by
a Na'/Ca"—K™ exchanger, which can be inactivated by
replacing extracellular Na with Li*. First, the dark
current carried by L and C&" was allowed to enter the
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outer segment through CNG channels, and the amount of For electrophysiological investigations of €ainflux,
charges (the current integral) was calculated. Because thentracellular K" is often replaced by Csto avoid activa-

exchanger is not active in Lisolution, C&" was not

tion of Ca&*-dependent K currents. We also used

extruded and accumulated within the cell. To count the intracellular C$ for our P; measurements (see Materials

accumulated Cd ions, CNG channels were closed by

and methods) and tested whether the use of &ltered

illumination of the photoreceptor, and the exchanger was P; values. Comparing?; values measured at 0.5 mM

activated by switching back to Niasolution. The resulting
exchanger current yielded the number of?Céons that

[Ca®"], with either KF or Cs", we obtainedP; (KT)/
P; (Cs") values of 0.880.18 (6) for bC, 1.0&0.19 (6)

had entered the cell with the dark current and was usedfor bO and 0.980.26 (3) for Dm (Figure 4B). In previous

to calculate the fractional €& currrent. The results of
this first study of fractional G4 currents in CNG channels
indicate that 15% of the dark current is carried by?Ca
ions under physiological conditions. One concern is,
however, that the use of timay have influenced the
fractional C&* current, and that the value in Naolution
may be different.

To investigate the dependenceR®fon the monovalent
cation carrying the inward current together with’Cawe
exchanged extracellular Nafor Li* and recordedP;
values at four different Ga concentrations. Figure 4D
shows thatP; values obtained from bC with ki were
larger at all C&" concentrations. This finding may either
reflect a higher C& affinity in the presence of [ or,
alternatively, a lower rate of permeation by‘Léompared
with Na*. Both effects would result in large?; values.

studies of CNG channels, it was noted that"'Gm the
cytosolic side of the patch significantly reduced macro-
scopic inward currents carried by Neor K* (Menini,
1990; Baumanet al., 1994; Eismanet al., 1994; Weyand

et al, 1994). This effect of Cson the channel could be
brought about by either of two mechanisms, namely a
reduction ofP, or a decrease of single-channel current. If
Cs' ions affect ion conduction they might also have
influenced ourP; values. To test this possibility, we
recorded bC single-channel currents at -50 mV from
inside-out patches with either*kor Cs" on the cytosolic
side. Figure 4C shows a channel displaying.gof 0.84
with K* and 0.33 with C§ at 1 mM cGMP. At 15uM
cGMP, P, was 0.37 with K and 0.24 with C$. The Cs
effect onP, was reversed readily upon changing td K
solution. Single-channel current was only slightly affected

To distinguish between the two possibilities, we compared (—0.79 pA with K* and —0.68 pA with C5). The small

amplitudes of macroscopic currents carried by land

difference probably arises from Csnduced flickering

Na® in outside-out patches from cells expressing bC at petween open and closed states that leads to underestima-
—70mV and 1 mM cGMP with the same ion concentrations tjon of the channel current. These data show that intra-

used in thd’; measurements. The ratig/ly, 0f 0.34+0.03
(nine patches; data not shown) indicates that¢anduct-
ance is smaller than Naconductance in bC channels, as
reported earlier for other CNG channels (e.g. Menini,
1990; Fringset al., 1992; Nizzariet al, 1993; Eismann
et al, 1994; Weyancet al, 1994; Haynes, 1995). If we
assume that the €& affinity of the binding site is not
affected by the exchange of Lfor Na*, we can calculate
theoretical values folPs (Li*) using the measured cur-
rent ratio:

Pf (Na*)

Pr(Li*) = 2)

I
INa

Pr (Na*) + [1-Ps (Na*)]e

cellular Cs lowers P, in CNG channels and tha®;
recorded with intracellular Cswas measured at lower
P, than with intracellular K. Because intracellular Cs
does not affect ion conductance at —70 mV, it is not
surprising that the fractional €a currents recorded with
K* and Cs are largely similar. These results also provide
independent evidence thatdoes not significantly depend
on theP, of the channels under our recording conditions.

Modulation of P by membrane voltage and
extracellular pH

Previous studies have revealed a pronounced voltage
dependence of CGa blockage in CNG channels
(Colamartinoet al, 1991; Root and MacKinnon, 1993;
Zufall and Firestein, 1993; Eismaret al., 1994; Frings

We obtain a fair agreement of calculated and measured€t al, 1995; Kleene, 1995; Seiferet al, 1999). In

values (Figure 4D), suggesting that the reduced Li

particular, a characteristic relief of €a blockage is

conductance can largely account for the increased frac-observed at increasingly negativi,. This relief has been

tional C&* current observed with extracellular™Li This

attributed to a voltage-induced acceleration of Caxit

analysis shows that the specific interaction of monovalent to the cytosolic side of the pore. According to this concept,

cations with the binding site in the channel pore also
contributes to the fractional €acurrent in CNG channels.
The affinity of the cation-binding site for &, which is

ca* affinity must decrease upon hyperpolarization, and
this should also reducB;. This prediction is borne out
by the results shown in Figure 5A. Th#& values of bC

much higher than for monovalent ions, appears not to be at 0.3 mM [C&*], indeed decline with hyperpolarization,

altered upon exchanging tifor Nat, in agreement with
the observation in rod photoreceptors thaf Canflux is

with mean values of 0.240.04 (6) at —-30 mV, and
0.07£0.01 (3) at —90 mV. This result corroborates the

largely unaffected by the monovalent cation prevalent in correlation between CGa affinity and fractional C#&"

the external solution (Nakatani and Yau, 1988). However,

differences in conductance between*™N&*, Li*, Rb*
and Cs demonstrated for all CNG channels (e.g. Yau
and Nakatani, 1984; Menini, 1990; Frings al., 1992;
Baumannet al, 1994; Eismanret al, 1994; Weyand
et al, 1994) modify the fractional Ca current and have
to be considered for the interpretation R data.
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current and further strengthens the concept that factors
that modulate CA binding to CNG channels also affeRt

The data gained from these experiments can be used to
address a physiologically important question. How does
the absolute G4 current (c,) through CNG channels
depend orv,,? In two cells, we were able to measWPe
successively at four different voltages. Because these
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Fig. 5. Modulation of P; by membrane voltage and extracellular pi) Oependence of; on V,, for bC at 0.3 mM [C&*],. Means and standard
deviations of three to six cells for each voltagB) {/oltage dependence o, relative to —30 mV calculated from fou§ and Ps values obtained at
0.3 mM [C& ], from a cell expressing bO®); O: the corresponding relativig values for the same cell. Absolute current amplitudes at —30 and
—-90 mV were —136 and —-839 pA fdof, and —32 and -52 pA foic, (C) Modulation of Py by extracellular pH (pl). Acidification of the
extracellular solution reduce® with an apparent g of 6.37. Means of three to ten cells expressing bC with 1 mMe[G:aat —70 mV.

measurements were obtained from the same number ofThe effect of modulatory subunits on Ca?*

channels at similaP,, we can calculate the absolute®®a  permeation

current from While it was demonstrated recently that CNG channels
lca= 7 - P 3 mediate an odor-induced &ainflux into the sensory cilia

of OSNs (Leinders-Zufalet al, 1997, 1998), the small

size of the cilia make$; measurements impracticable.

. However, it was suggested recently that the native olfactory

between —30 and —90 mVc, increased only 1.6-fold channel expressed in the sensory cilia of rat OSNs is

(filled circles), whereas; increased 6-fold (open circles). composed of three subunits, CNE CNQx4 and

Comparison of, I+ andl,in Figure 5A and B illustrates CNCB1b (Sautteet al, 1998) Cf\l@S is the rat homolog

the consequences of hyperpolarization: acceleration ofof bO (Dhallan et al.’ 1990)' CN@4 is a modulatory

Ca" exit causes an apparent decrease in binding affinity ¢\ iidentified in rat OSNs (Bradley al., 1994; Liman
and, thereby, a decrease in blocking efficiency and a2nd Buck 1994), and CNELb is a splice variant of

ﬁli\iriﬁrsrin(zpz;ngﬁei resil'Jsltstcr):)nreldu;jdm(iﬁtg(ljoff:/(ﬁgree,as the modulatory CN@la subunit of rod photoreceptor
( o) gly aug ' channels in the rat (Cheet al., 1994; Kaschenet al,,

v )
e A uent = sugerid o much esser et 4005 Sauterr al, 1986). The gutamate resiue i
NCo3 which contributes to the high-affinity €z

chemical signaling is shifted upon change of membrane g site of the channel is replaced by an aspartate in
voltage, due to a change in the apparent Cafinity of CNCa4 and by an uncharged glycine residue in (B46.

the channel. ; . ; v
. We investigated how co-expression of CHE with its
n
Ca'" affinity can also be modulated by the extracellular modulatory subunits affects the fractionalCacurrent.

pH (pH,). Root and MacKinnon (1994) showed that the The analysis was performed at 0.5 and 2 mM Qg

%u:ﬁrenigsgdcrﬁ::]dnue?spgaet ig;VebSSpg(?fé%r;tlféigdirng g};swhere bO shows values of 0.21 and 0.67, respectively
protonation strongly reduces the Cabinding aﬁinity ' (Table ). We obtamed_shghtly smallé% values with the
(Seifertet al, 1999) and is, therefore, also expected to Bat5 ?T:mcgﬂg OC 5NGG:)(030(4|1:|(§:]Lli;eat6£ h?l\g/l).codrlnﬁt;:ir?i'r? 2 C(Gl\)ttigt
reduceP. The effect of p on Py at 1 mM [C&"], is and CN@14 produced only a slight decreaseR;?(Figure
illustrated for bC in Figure 5C. Acidification of the o\ a304). Co-expression of CNE3 with CNQBLb
extracellular medium strongly decreaseB; from L : :

yielded P; values ~30% lower than measured with homo-
0.42£0.05 (10) at pld 8.0 to 0.050.02 (3) at pH 5.5. mers (Figure 6A;03B1b), reflecting a decrease of €a

This pH dependence could be fitted with a modified Hill affinity that is probably the consequence of replacing one

Figure 5B showd, calculated according to Equation 3,
and the total current; at four different V,, values

equation: or several glutamate residues by glycine in the binding
pH, site. When all three subunits were co-expressed (Figure

Pr =P M T 4) 6A; 0304B1b), Py was slightly higher than wittu3B1b,
PP Papp but the values are still ~25% lower than in the homomeric

whereP;"®js the maximaPs value for a specific combina- CNCa3 channels. These data show that the modulatory
tion of [C&'], and V,,. The apparent titration constant subunit CN@1 reduces CH affinity (cf. Kérschenet al,
PKapp is the pH, that induces half-maximal reduction of 1995) and the fractional €& current in CNG channels.

Ps. The data in Figure 5C were fitted witg">* = 0.41 Although P; measurements with native olfactory chan-
and Kypp = 6.37. Kypp is an estimate for thekp of the nels presently are not feasible, we can obtain important
binding site under the conditions used. information about the relationship between’Caffinity
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Fig. 6. C&* permeation in heteromeric CNG channels) The effect of modulatory subunits on €apermeation in the rat olfactory CNG channel.
P was determined with cells expressing either @8thomomers 3, filled bars), heteromeric CNEG/CNCuo4 or CNQx3/B1b channelsd304,
cross-hatched bag3B1b, open bars), or channels assembled from @8ICCNCu4 and CN@1b (@3a4f31b, hatched barsp; values at 0.3 mM
C&*: a3, 0.09-0.05 (8);a304, 0.08-0.01 (9).P; values at 0.5 mM CA: a3, 0.17+0.02 (6);a3B1b, 0.1G-0.01 (10);a3a4B1b, 0.13-0.02 (5).

Ps values at 2 mM C&": a3, 0.56+0.04 (11);a3B1b, 0.36+0.05 (5);a3a4B1b, 0.41-0.03 (6). All measurements were done at —70 mV with 150
uM caged 8-Br-cGMP fon3 anda3plb, with 75uM caged cGMP fom3a4, and with 60uM caged 8-Br-cGMP for3a4fB1b channels.B) Ca&*
blockage in native olfactory channels from frog OSNgV,, recordings from an outside-out patch of dendritic knob membrane wituMd@AMP

in the pipette and various [€4],. Inset: voltage dependence of blocking consténtor extracellular C&". Means and standard deviations from
three patches Q) Voltage dependence of outward currents recorded at increastigr@ale fractions from an inside-out patch of frog OSN
dendritic knob membrane with the impermeable NMD@ the pipette. Inset: dependence of the normalized residual current%nrae fraction.
Means and standard deviation of five patches-80 mV.

and C&" conductance from native channels by analyzing rod photoreceptor CNG channel of the tiger salamander
Ca&" blockage and Ca currents at high G4 concentra- Ambystoma tigrinum(1.2%; Colamartinoet al, 1991).
tions. To study C& blockage, outside-out patches were Thus, C&" permeation in native olfactory CNG channels
obtained from dendritic knobs of freshly dissociated OSNs is distinctly more pronounced than in native rod photo-
from the frog Rana esculentaand I+/V,, relationships receptor channels. This finding is in good accordance with
were recorded at 140 mM [N%, and various levels of  the observation that bO shows a stronger relief of'Ca
[Ca®™],. Figure 6B shows a family df/V, recordings, and  blockage at negative potentials than bR (Frirgjsal.,
the inset in Figure 6B illustrates the voltage dependence of 1995). Both lines of evidence demonstrate that olfactory
the C&*-blocking constantg;, derived from three patches. channels conduct €& more efficiently than rod photo-
The meankK; value at =70 mV is 28565 uM [Ca?'],, receptor channels, and that this increaseti @armeation
indicating that the Ca affinity of the native frog olfactory  is associated with lower binding affinity for extracellular
channel is distinctly lower than observed with homomeric Ca&*.
CNCa3 channels. A similar blocking constant recently
was reported for olfactory sensory cilia of the frBgna
pipiens (K; = 250 uM at =50 mV; Kleene, 1995; the
small difference is accounted for mostly by the voltage The relationship between Ca?* affinity and
difference, as we obtainl§ of 265+45 puM at —50 mV). fractional Ca’* current
Together with the co-expression studies shown in Figure Our studies of CH# blockage and fractional €4 currents
6A, these results show that native olfactory CNG channels, in four different CNG channel types have revealed a
consisting of principal and modulatory subunits, display simple relationship between €aaffinity and fractional
lower C&™ affinity andP; values than homomeric channels C&* current: CNG channels with high affinity display
containing only the principal subunit. high P; values, while low-affinity channels have loR

To measure Cd currents at high Ca concentrations,  values. The correlation oK; and Kp; is illustrated in
we recorded cAMP-dependent outward currents from Figure 7A for the four channel types investigated here: in
inside-out patches of frog OSN dendritic knobs at various bR, high blocking efficiency (a small value &) leads
Ca&*-mole fractions {C&*-mole fraction is defined as: to high Ps values at submillimolar [Cd], (a small value
[Ca&]i/([Ca™]; + [NaT];), with [Ca&™]; + [Na™]; = 100 of Kpg), while the weak blockage in Dm coincides with a
mM}, in the absence of permeable ions on the extracellular 10-fold higher Kp;. Furthermore, a correlation between
side of the patches. The voltage dependence of outwardCa" affinity and C&" permeation can be derived from
currents shown in Figure 6C illustrates the strong suppres- current measurements at high concentrations (73-220 mM)
sion of I+ by C&" to a small residual amplitude at €a of either N& or C&* as charge carriers: in the high-
mole fractions of 0.25—-1. The dependence of the residual affinity rod photoreceptor channel, amplitudes of?Ca
current on the a Gd-mole fraction is presented in the currents reach only ~1% of Nacurrents (Colamartino
inset of Figure 6C: at a Ca-mole fraction of 1, where et al, 1991), while 8-11% are observed with the low-
Ca&" is the only permeable ion species, the residual affinity channels of frog OSNs arldrosophila(Baumann
current does not decline tet8-9% of the Na current et al., 1994; this study).
measured in Cd-free solution. This value is clearly We have demonstrated the interdependence of affinity,
higher than found under similar conditions for the native permeation and fractional €acurrent in a simple experi-

Discussion
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Fig. 7. C&* affinity, fractional C&" current and C& permeation in CNG channelsA) Relationship between the blocking constants for
extracellular C&", K; and theP; constantsKps, at —70 mV. Values are from bR®), bO (O), bC @) and Dm (). (B) Comparison of C&
blockage and fractional G& current,P;, for bR (dashed lines) and bO (solid lines) at —70 m\2Chlockage is illustrated as the fraction of the
total current,ly, that remains unblocked in the presence of the indicated"[lgal may is the current in C& -free solution (blocking data from Frings
et al, 1995). C) Comparison of the G4 dependence do; (data from Figure 3) with the GHK model. Lines were constructed using Equation 5
with V;,, = =70 mV and the following values for the relative cation permeabiityPc5 0.01, 0.02, 0.1 and 0.5.

ment (Figure 5A and B): hyperpolarizing the membrane

1.24 mM). Inspection of the data for bR (dashed lines)

accelerates G4 permeation and decreases the apparent within the boxed-in concentration range (1-2 mM {CR)

C&" affinity (Colamartinoet al, 1991; Fringset al.,
1995; Seifertet al, 1999). Such a reduction in €a
affinity is expected also to redué®, as suggested by the
correlation shown in Figure 7A. We indeed observe a
strong suppression dP; upon hyperpolarization which
confirms that manipulations which decrease Caffinity
also increase Ca permeation and reduce the fractional
C&" current. This voltage dependence Bf sets CNG

shows thaP; has reached almost unity, while a very small
residual current<<1% ofl,,,) supports only a small Ga
influx (Ica = l+ePy). In contrast, the residual current of
bO channels (solid lines) is ~5% &f., with P; values

of ~0.6. Thus, bO channels (and also bC channels which
have a similar C&# dependence) conduct more‘ahan

bR channels at 1-2 mM [C4], becausd is >5-fold
higher whileP; is smaller by only 40%.

channels apart from other channels that conduct mixed The interrelationship of Ca affinity, P; and C&"

cation currents. In particula®; in glutamate receptor

permeation discussed above illustrates the differences in

channels does not change with voltage between —30 andion permeation between the four CNG channels investi-

—90 mV (Schneggenburget al.,, 1993; Burnasheet al.,
1995; Garashulket al, 1996; Schneggenburger, 1996),
and P; increases upon hyperpolarization in acetylcholine

gated here. However, under certain conditions, a decrease
of Ca&" affinity and P; can be associated with reduced
instead of augmented &a permeation. This is demon-

receptors (Zhou and Neher, 1993). In these channels,strated by our pH experiments: acidification strongly

whereP; is not determined by competition of €aand
monovalent cations for a single binding site, currents
carried by C&" and Na are augmented by hyperpolariz-
ation to a similar extent.

In CNG channels, the determining factor for botH?Ca
blockage and Ca permeation is the binding affinity of
the intrapore binding site for extracellular €a High-
affinity binding favors the selection of €aover Na',
even in solutions where [Nd, is 100-fold higher than
[Ca®™],, giving rise to high blocking efficiency and high
P; values at physiological levels of [E4,. C&" permea-

tion, on the other hand, is slowed down because high-

affinity binding decelerates dissociation of Zaons to
the cytosolic exit of the channel. Thus, a CNG channel
with high C&" affinity constitutes a ‘sticky pore’ where
Ca&* permeation is limited by a relatively long dwell time

reduced; and C&" affinity (Seifertet al, 1999) and, at
the same time, the fractional €acurrent (this study).
With smalll; and smallP;, Ca&* permeation is also small
at low pH, despite a diminished €a affinity. This
observation cannot be explained by the ‘sticky pore’
concept in which CH permeation is controlled solely by
the C&" exit rate from the binding site. The pH effects
illustrate a change in the rate with which ions enter the
channel pore. At low pH, when the glutamate residues of
the binding site show a higher degree of protonation, entry
of both C&" and Na is decelerated, giving rise to a
suppression of. The decline ofP; values with acid-
ification suggests that a entry is hindered more effici-
ently than Nd entry. In conclusion, with data about €a
affinity and fractional C&" current, it is possible to predict
how efficiently a CNG channel conducts Caons under

at the intrapore binding site. In such channels, monovalent standard physiological conditions. However, factors that

currents are strongly suppressed already at low"Ca
concentrations, anBs values are high.

The physiological consequence of this relationship is
illustrated in Figure 7B using the examples of bR &
6 UM; Kp; = 0.41 mM) and bO K; = 92 uM; Kps =

influence cation entry into the channel pore have to be
considered as co-determinants offCa@ermeation.
Information about the molecular processes that underlie
C&* permeation in CNG channels can also be derived
from inspection of the G4 dependence of the fractional
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C&" current. Figure 7C shows that it is not possible to whereas the known native CNG channels conduct mixed
fit the C&" dependence ofP; using the Goldman—  cation currents at this [C4], (Nakatani and Yau, 1988;

Hodgkin—Katz (GHK) equation for electrodiffusion across Perry and McNaughton, 1991). Secondly, both channel
biological membranes (Equation 5 in Materials and types can co-assemble with various modulatory subunits,

methods). The GHK equation yields relationshipsRpf
and [C&"], that are not steep enough to fit tRedata in
any of the CNG channels analyzed. Such deviation from
the GHK model is often interpreted as evidence for ionic

but while the high-affinity binding site is preserved in
voltage-gated G4 channels (De Waarat al, 1996),
glycine residues reduce &aaffinity in heteromeric CNG
channels. Thirdly, despite their high €aaffinity, voltage-

interactions within a pore that accommodates more thangated C&"™ channels conduct substantial acurrents,

one ion. In fact, previous work has suggested that two
monovalent cations can be bound within the pore of CNG
channels at the same time (Setal., 1995). As proposed
earlier (Fringset al., 1995), entry of a second &aion
may displace a Ga ion already bound which can then exit
the channel to the cytosolic side. Electrostatic repulsion
between two C& ions inside the pore may, therefore, be
crucial for supporting high rates of €a permeation.
Although there is no additional independent evidence for
double occupancy by €& ions yet, it represents an
attractive concept for the explanation of the shap®f
[Ca®™], relationships, which is based on the similarities
between CNG channels and voltage-gated*Qzhannels
for which this scheme of G4 permeation was developed
(Tsien et al, 1987; McCleskey, 1994; Dang and
McCleskey, 1998).

Comparison of CNG channels and voltage-gated

Ca?* channels

Comparison of similarities and differences between CNG
channels and voltage-gated Zachannels can help to

possibly sustained by electrostatic repulsion of twé'Ca
ions that can occupy the pore at the same time. Such a
mechanism appears to be much less effective in CNG
channels, although double occupancy may also play a
role. However, high C& affinity in CNG channels is
clearly correlated with low G4 conductance, and the
most substantial G4 influx is mediated by low-affinity
channels, and is associated with equally substantidl Na
influx. In conclusion, several structural features common
to both channel types give rise to pure?Caurrents in
voltage-gated Cd channels and to mixed cation currents
with a high C&" fraction in CNG channels.

Modulatory subunits increase Ca’* permeation in

native CNG channels

While there is preliminary evidence that CNG channels
may form homomeric proteingn situ (Wiesneret al.,
1998), a number of studies with various tissues and
expression systems have clearly demonstrated that native
CNG channels can form heteromeric protein complexes
consisting of principal subunits (CN@, CNCu2 or

understand the permeation mechanism in CNG channels.CNCa3) plus one or more modulatory subunits. Native

In homomeric CNG channels and in voltage-gated'Ca

rod photoreceptor CNG channels contain both @4C

channels, a set of four glutamate residues forms the cation-and CN@1a (Chenet al.,, 1994; Kaschenet al, 1995).

binding site in the pore (Kimet al, 1993; Tanget al,
1993; Yanget al, 1993; Ellinor et al, 1995). Both

CNCa2 is co-localized with a different splice form of
CNCB1 in bovine sperm cells (Wiesnet al., 1998), and

channels conduct monovalent cations in the absence ofCNCa3 co-assembles in olfactory cilia with CN@ and

C&", showing values of single-channel conductance in
the range of 20-80 pS in &afree solution. Micromolar
concentrations of extracellular €a block monovalent
currents in both channel types, but voltage-gated*Ca
channels show higher €a affinity (K; of ~1 pM) com-
pared with CNG channelsK( values in the range of
6-300pM). In both channel types, & permeation may
be accelerated by mutual repulsion of2Cdons in the

CNCB1b. Co-assembly of the three subunits confers high
cAMP sensitivity to the olfactory channeK(,, = 4 uM;
Fringset al,, 1992) and reduces the single-channel conduct-
ance in C&'-free solution from 33 to 21 pS (W.Bagk,
F.Sesti, J.Bradley, F.Mier, G.V.Ronnett, U.B.Kaupp and
S.Frings, submitted). All known splice forms derived from
the CN(B1 gene contain a glycine residue in the position
that corresponds to the &abinding site in the principal

doubly occupied pore, as suggested by deviation from the subunits (Cheret al, 1994; Kaschenet al, 1995; Biel

GHK theory for CNG channels (Fringst al., 1995; this
study), and by observation of anomalous mole-fraction
behavior with voltage-gated €achannels (Tsieret al.,
1987). Finally, current recordings at high concentrations

et al, 1996b; Wiesneet al., 1998). The replacement of
one or more negatively charged glutamates in this critical
position by uncharged residues reduce$'CHfinity (Root
and MacKinnon, 1993; Eismanet al, 1994; Kaschen

of the charge carriers have revealed a similar efficiency et al., 1995). We have shown here that the co-assembly

of C&" permeation: the single-channel conductance of
voltage-gated Cd channels from ventricular heart cells
is 85 pS with 150 mM Na& and 9 pS with 110 mM Cd
(Hesset al., 1986). Such a relative €9/Na™ conductance

of 10% is also observed with native olfactory CNG

of CNCa3 with CN(B31b strongly reduce®s at 0.5 and
2 mM [C&™],, i.e. it increases th@; constantKp;. Our
results show that Ga blockage and G4 permeation
strongly depend on the set of subunits expressed in an
individual cell type. Recent evidence suggests that all

channels and homomeric Dm channels. While these simil- known CNG channel subunits can co-assemble, giving
arities in pore structure and conducting properties point rise to a large diversity of heteromeric channel proteins
to a common mechanism for ion permeation, some dissim- (Finn et al, 1998). With all possible combinations of
ilarities illustrate the different tasks that the two channel subunits, the CNG channel family offers a large repertoire
types fulfill under physiological conditions. First, the of C&*-permeable channels, ranging from homomeric
higher C&" affinity of voltage-gated G4 channels causes CNCal channels with a very low Ca conductance, to
a virtually complete suppression of monovalent currents channels with substantial €a permeation that may be
and produces pure €a currents at 1-2 mM [CA],, homomers of CN@2 or CNx3, or heteromeric proteins
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channels have not been studied and may differ considerably

set of subunits expressed by a cell population, therefore,from channels containing only principal subunits. In fact,

provides information about the significance of cyclic
nucleotide-induced G4 signals in cellular information
processing.

Physiological implications of differences in Ca?*
affinity

the native CNG channels from frog OSNs appears to be
largely insensitive to changes in pkFringset al., 1992).
Consequently, pH effects on €apermeation have to be
investigated for each subunit composition expressed in a
particular cell. (i) The membrane voltage should be
considered as a factor that balances the contributions of

In recent years, a large number of studies reported detectiorelectrical and chemical signaling, as the fractionaf'Ca

of CNG channel subunits in various cell populations by
in situ hybridization or immunochemistry (e.g. Nawy and
Jahr, 1990; Dryer and Henderson, 1991; Ahnsddal.,
1994; Bielet al,, 1994; Distleret al., 1994; El-Husseini
et al, 1995; Leinders-Zufalet al, 1995; Bmigk et al,
1996; Kingstoret al., 1996; Bradleyet al., 1997; Misaka
et al, 1997; Sautteret al, 1997; Thompson, 1997;
Wiesneret al., 1998). In the following, we discuss possible
predictions for C&" signaling that can be made based on
the analysis of cell-specific expression of the principal
subunits (CN@1, CNCGx2 and CN@3).

Because of their high €& affinity, homomeric CN@1

current strongly decreases upon hyperpolarization. This is
particularly interesting because CNG channels can operate
over a much wider range of membrane voltages than
voltage-gated Cd channels (e.g. =30 to —80 mV in
photoreceptors). (iii) The fractional €acurrent is deter-
mined by the contributions of all ion species conducted
by a channel. We have shown that the exchange of Li
for Na* changesP; values to an extent that reflects
differences in conductance between the two monovalents.
Under physiological conditions, other permeable ions may
influenceP; and, in particular, contributions of Mg and

K* should be studied. Mg has been shown to have high

channels conduct only small currents that are carried binding affinity and limited permeability in CNG channels

mainly or exclusively by C& ions. As cyclic nucleotide-
gated (CNG) C&" channels, their contribution to &a

(e.g. Nakatani and Yau, 1988; Zimmermann and Baylor,
1992; Baumanret al, 1994; Fringset al, 1995), and

signaling would be much more pronounced than their effect K* ions may contribute significant outward currents at

on membrane voltage. Although theirCaonductance is
low compared with voltage-gated €a channels, the
channels can mediate considerable?’Canflux because
they show no intrinsic inactivation and can, therefore,
conduct persistent Ga currents at hyperpolarized volt-
ages. Homomeric channels composed of either GRIC
or CNCa3 subunits are blocked less efficiently at physio-
logical [C&*], and conduct larger depolarizing currents
carried at roughly equal fractions by Nand C&". C&*
influx is rapid, because G ions bind less tightly to the

depolarized membrane voltages (for example in photo-
receptors) or inward currents at elevated*[K (for
example in OSNs where [H, is 69 mM; Reuteret al,
1998). (iv) Finally, changes of [Gd], will affect Ca&"
permeation, a$; shows the steepest €adependence
within the physiological range of [G4],. Such changes
are expected to occur in cells where high densities of
CNG channels cause local depletion of extracellula*Ca
Channel densities found in rod photoreceptors (~308/
Hayneset al, 1986; Zimmerman and Baylor, 1986) and

pore, and transfer rates approach those reported for volt-olfactory cilia (200-40Qm?; Kleene, 1994) may warrant

age-gated Cd channels. Activation of these channels

an investigation of possible effects of localCalepletion

will, consequently, cause both marked depolarization and that would relieve C& blockage and reduce €aper-

a pronounced increase of cytosolic fCh The balance
of electrical and chemical signaling critically depends on
[Ca®],, as the C& dependence of; is very steep.
Therefore, the relative contribution of either signal is
difficult to assess, if the free [€4], is not known as, for
example, in OSNSs.

Interestingly, theDrosophilachannel investigated here
shows the lowest G4 affinity and the highed®; constant,
precisely matching the difference in extracellular?Ca

meation.

Materials and methods

Heterologous expression of CNG channels

For transient expression of bovine CNCand CN@3, HEK-293 cells
were transfected by calcium phosphate co-precipitation (Chen and
Okayama, 1987) with pcDNAI (Invitrogen) containing the respective
CNG channel cDNA, as described previously (Baumatml, 1994).

To enhance expression efficiency, the plasmid pRSV-Tag (Dhetlah,

concentration between interstitial fluids of vertebrates (1— 1990) was added, and co-expression of green fluorescent protein (GFP;

3 mM) and the hemolymph of flies (7—10 mM; Ashburner,

Prasheet al., 1992; kindly provided by Professor P.Seeburg, Heidelberg)

1989). This suggests that the Dm channel has a similar allowed optical identification of transfected cells. For experiments with

task in cellular signaling imrosophilato that of CN@2
and CN@3 have in vertebrates, namely the generation
of simultaneous voltage and €asignals upon a rise in
cGMP concentration.

In addition to subunit composition, we have identified
several factors that may affect €aaffinity and, hence,
Ca&" permeationin situ. (i) The extracellular pH is an
important co-determinant for €a permeation in homo-

bovine CN@2 and DmCNC, HEK-293 cells were stably transfected
using pcDNAIneo (Invitrogen) for CN@2, and pTMT (kindly provided

by Professor O.Pongs, Hamburg) for DmCNC. \oltage-gated N-type
C&" channels from rabbit brain (Fujitat al., 1993) were transiently
expressed in HEK-293 cells using the pKCR vector (kindly provided by
Dr J.Fujita, Tokyo) as described earlier (Fringtsal., 1995).

Determination of the fractional Ca?* current P; in CNG
channels
The contribution of C&" to the current conducted by ion channd®g,

meric CNG channels, since acidification strongly reduces can be measured by recording the total current with a patch pipette and,

Ca* affinity and the fractional Gd current through
protonation of the intrapore binding site. However, the
effects of protonation are complex since bigh andlc,

simultaneously, Cd entry with a C&'-sensitive dye (Neher and
Augustine, 1992; Schneggenburgsral.,, 1993; Trouslardet al,, 1993;
Zhou and Neher, 1993; Verninet al, 1994; Burnasheet al.,, 1995;
Frings et al, 1995; Garaschulet al, 1996; Schneggenburger, 1996;

are reduced. Furthermore, pH effects on heteromeric Tempiaet al, 1996; Zeilhoferet al, 1997). We applied this method to
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CNG channels using photolysis of caged cGMP and caged 8-Br-cGMP
to achieve rapid channel activation. Transfected HEK-293 cells were
grown on coverslips and transferred to the recording chamber with
standard extracellular solution that contained (mM) 120 NaCl, 3 KClI,
50 glucose, 10 HEPES (pH 7.4), and Ca@s indicated. The chamber
was mounted on the stage of a Nikon Diaphot 300 inverted microscope
and viewed through an oil immersion objective (Nikon Fluo4a:

1.3 mm). Epifluorescence illumination was achieved by a Y-shaped UV
light guide (AMKO, Tornesch, Germany). One input of the light guide
was connected to a 75 W Xe lamp equipped with a computer-controlled
filter wheel (Life Science Resources, Cambridge, UK), the second input
was connected to a 100 W Hg lamp (AMKO) with built-in IR and UV
filters (WG335, AMKO) and an electronically actuated shutter. The Xe
lamp was used for fluorescence excitation of GKR{= 450—490 nm,
dichroic mirror: 510 nmAgp, = 520-560 nm; Nikon) and FURA-2
(Aexc = 340 or 380 nm, dichroic mirror: 400 nrgy, = 510 nm; Omega
Optical, USA). The light of the Hg lamp was reflected into the objective
by the 400 nm dichroic mirror to induce photolysis of caged compounds.
To permit measurements of FURA-2 fluorescence without inducing
photolysis, the Xe light was passed through a quartz neutral-density
filter (ND = 2.0, Ealing Electro Optics, UK).

Cells were loaded in the whole-cell configuration of the patch-clamp
technique (Hamillet al, 1981) by equilibration with standard pipette
solution that contained (mM) 130 CsCl, 20 TEA-CI, 2 MgC2 Na-

ATP, 0.2 Na-GTP, 0.02 EGTA, 10 HEPES (pH 7.2), 1-2 mM FURA-
2-Kg (Molecular Probes, Eugene, OR) and caged compounds.a@d
TEA™ were used to block K currents that are activated by €aentry

in HEK-293 cells. In a few experiments at [€3, <0.5 mM, Cs" was
replaced by K. Concentrations of caged cGMP or caged 8-Br-cGMP
(Hagenet al., 1996) were: 15@M caged cGMP for bCK,,, = 17 uM);

120 uM caged 8-Br-cGMP for bRK;, = 9.5 uM); 75 uM caged
cGMP for bO Ky = 1.5 pM); 150 pM caged cGMP for Dm
(Kyp = 12.4uM). Cell loading was confirmed by monitoring FURA-2
fluorescence. After equilibration (6—10 min after establishing the whole-
cell configuration), the free Ga concentration [C& ]; was determined
from the fluorescence ratid-§,9F3g5 Grynkiewiczet al., 1985). Cells
were only used folPs measurements if [Gd]; was <200 nM at the
end of the loading period. Cells were voltage clamped at =70 mV, and
the total current; was recorded after photolysis of the caged ligands.
C&" entry was monitored by recording changes in the fluorescence
intensity of FURA-2 QFzgg using a photon counter system (PhoCal,

VnF/RT (F is the Faraday constan® the molar gas constant, T the
absolute temperature).

The P, of CNG channels can be adjusted inPa experiment by
controlled photorelease of cGMP. We previously have shown that the
concentration of cGMP liberated by a UV flash in a cell expressing
CNG channels can be determined if the flash-induced current is compared
with the current at maximal activation of the channels (Hageml.,
1996). For theP; measurements at low and higl, cells expressing bO
were loaded with 7uM caged cGMP, and test flashes of either 20 or
100 ms were applied. Channels were activated maximally by subsequent
illumination for 1 s, and th&, was derived from the ratio of test current
to maximal current. With 20 ms flashelpy/l,h,ax Was 0.14-0.06 (4),
reflecting a concentration of 0|@M photoreleased cGMP. With 100 ms
test flashes| odlmax Was 0.94:0.10 (6), corresponding to ~4M
liberated cGMP.

For single-channel recordings with cells expressing bC, pipettes were
filled with standard extracellular solution containing 1 mM EGTA.
Excised inside-out patches with single CNG channels were exposed
consecutively to solutions containing as main cation eithe(k45 mMm
KCl, 8 mM NaCl, 1 mM EGTA, 10 mM HEPES, pH 7.2) or Cs
(130 mM CsCl, 1 mM EGTA, 10 mM HEPES, pH 7.2). Channel currents
were recorded at 15 and 1001 cGMP (V,, = =50 mV), andP, was
derived from amplitude histograms of 30 s segments of recording
digitized at 3 kHz and filtered at 1 kHz.

The effect of pH on P; was investigated using an extracellular
solution (120 mM NacCl, 3 mM KCI, 50 glucose) that was adjusted to
the appropriate pflusing 10 mM of either MES (Sigma; pb.5-6.5),
HEPES (Sigma; ppi7.4) or TAPS (Sigma; p§i8.0-9.0).

Co-expression studies of rat CHG, CNCGu4 and CN@1lb were
performed as described elsewhere (WiBg#, F.Sesti, J.Bradley,
F.Mtuller, G.V.Ronnett, U.B.Kaupp and S.Frings, submitted). The solu-
tions for co-transfection contained the following molar ratios of plasmids
CNCa3:CNCo4:CNB1b = 2:1:2. Molar ratios of CN@3:CNCa4 and
CNCoa3:CNM31b were 1:1. The cells expressed almost homogeneous
populations of channels, as confirmed by single-channel analysis. For
recordings from native olfactory channels, OSNs were dissociated from
frog olfactory epithelium as described previously (Frirgsal., 1992).
Briefly, epithelia were dissected and washed in Rifgysolution con-
taining 120 mM NaCl, 4 mM NaOH, 3 mM KCI, 1 mM Cagl2 mM
MgCl,, 5 mM glucose, 5 mM Na-pyruvate, 10 mM HEPES, pH 7.4.
After incubation with 1 mg/ml papain (Sigma) in Ringersolution for

Life Science Resources). Fluorescence intensity was normalized using45 min at 35°C, the tissue was washed for 45 min at room temperature

fluorescent beads (1 B& 1 bead unit), as described earlier (Frings
et al, 1995). For the calculation d?, it is necessary to ascertain that
the change irFsgq is caused exclusively by €a entry through CNG
channels, and does not reflect %tasequestration, G& release or
saturation of the dye. If G4 entry is the only cause for changes of
F3go the fluorescence signal must be strictly proportional to the number
of C&* ions entering the cell and, hence, to the current interfialt
(Neher and Augustine, 1992). The proportionality Bfsy and [l+dt,

in dissociation solution containing 120 mMN-methylb-glucamine
(NMDG)-CI, 3 mM KCI, 5 mM glucose, 5 mM Na-pyruvate, 2 mM
EDTA, 10 mM HEPES, pH 7.4. OSNs were isolated by trituration and
patches obtained from dendritic knobs. The pipet solution for outside-
out patches contained 120 mM NaCl, 20 mM NaOH, 10 mM EGTA,
10 mM HEPES, pH 7.2, and 100M cAMP. The bath solution was
130 mM NaCl, 4 mM NaOH, 10 mM HEPES, plus 1 EGTA and
1.05 mM CaCj for 100 uM free C& ", and no EGTA and the indicated

therefore, was tested by superimposing the appropriately scaled currentamount of CaGl for higher C&" concentrations. Leak currents were

integral on the fluorescence trace. In all experiments, the calculation of
P; was restricted to the time interval for which proportionality was
confirmed by this analysis. The result of such experiments is the
proportionality constanf = AFagdfltdt that indicates the extent of
fluorescence change due to the total currgntconducted by CNG
channels.

To derive the fractional G4 currentP; from the measured value of
f, it is necessary to establish the quantitative relationship between
changes oF 35 and the underlying Ca currentl., We obtained this
relationship from measurements with HEK-293 cells expressing N-type
C&" channels (Fringset al, 1995). Channels were activated by a
depolarizing voltage pulse, currericf and fluorescenceFggy) were
recorded, and the calibration constéy, = AF3gd/[lcdt was calculated.
fmax Values were determined routinely at 2 mM fCh,. Using thef
value measured in each experiment and the calibration corfgigntve
obtained the fractional €& current according t®; = f/fyay

For comparison ofP; measurements with the GHK model, the
dependence d®; on [C&*], was calculated using the equation

4'[Caz+]o

Py (%)

4.[Ca*, 4;;“" M *]o{1-exp(2p)}
Ca

where Py/Pc, is the permeability for monovalent cations relative to
cat, [MT], the extracellular concentration of monovalents, @ng
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estimated by measuring inward currents with the impermeable cation
NMDG at —80 to —100 mV and linear extrapolation over the whole
voltage range. Patches were only analyzed if leak currents wéeeé

of Imax (recorded in C&'-free Na© solution). The pipet solution for
inside-out patches contained 120 mM NMDG-CI, 5 mM EGTA, 10 mM
HEPES, pH 7.4. The bath solutions for the mole-fraction experiments
contained NaCl and Caght a total concentration of 100 mM, together
with 10 mM HEPES, 6.5 mM Tris; pH 7.2 and 1@ cAMP. Control
currents were recorded separately for each mole-fraction and subtracted.
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