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Single-Channel Properties of Ionic Channels Gated by Cyclic Nucleotides
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*INFM, Genova, and #SISSA, Trieste, Italy

ABSTRACT This paper presents an extensive analysis of single-channel properties of cyclic nucleotide gated (CNG)
channels, obtained by injecting into Xenopus laevis oocytes the mRNA encoding for the a and 13 subunits from bovine rods.
When the a and f subunits of the CNG channel are coexpressed, at least three types of channels with different properties
are observed. One type of channel has well-resolved, multiple conductive levels at negative voltages, but not at positive
voltages. The other two types of channel are characterized by flickering openings, but are distinguished because they have
a low and a high conductance. The a subunit of CNG channels has a well-defined conductance of about 28 pS, but multiple
conductive levels are observed in mutant channels E363D and T364M. The conductance of these open states is modulated
by protons and the membrane voltage, and has an activation energy around 44 kJ/mol. The relative probability of occupying
any of these open states is independent of the cGMP concentration, but depends on extracellular protons. The open
probability in the presence of saturating cGMP was 0.78, 0.47, 0.5, and 0.007 in the w.t. and mutants E363D, T364M, and
E363G, and its dependence on temperature indicates that the thermodynamics of the transition between the closed and open
state is also affected by mutations in the pore region. These results suggest that CNG channels have different conductive
levels, leading to the existence of multiple open states in homomeric channels and to the flickering behavior in heteromeric
channels, and that the pore is an essential part of the gating of CNG channels.

INTRODUCTION

Cyclic nucleotide gated (CNG) channels from photorecep-
tors and olfactory sensory neurons form a family of closely
related proteins (Kaupp, 1995). CNG channels from verte-
brate rods are composed by at least two different subunits,
usually referred to as the a (Kaupp et al., 1989) and ,3
subunits (Chen et al., 1993; Korschen et al., 1995). When
expressed in Xenopus laevis oocytes or cell lines, the a
subunit (also referred to here as the w.t.) forms functional
channels that are gated by cyclic nucleotides. The ionic
selectivity and the shape of the I-V relation of the macro-
scopic current of CNG channels from different species and
tissues are broadly similar, although some clear differences
in the sensitivity to divalent cations can be observed (Frings
et al., 1995). Functional properties of ionic channels formed
by the a subunit alone are similar to but not identical to
those of the native channel. The f subunit alone does not
appear to form functional channels. When the a and ,3
subunits are coexpressed, ionic channels are formed, which
are gated by cyclic nucleotides and have properties very
similar to those of native channels.

Single-channel properties of CNG channels from differ-
ent preparations vary in a significant way. The a subunit of
the CNG channels from catfish olfactory sensory neurons
has three open states with a conductance of about 25, 50,
and 80 pS (Goulding et al., 1992; Root and MacKinnon,
1994), and the a subunit of the CNG channel from bovine
rods has only one resolvable open state with a conductance
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of about 28 pS (Kaupp et al., 1989; Nizzari et al., 1993). The
a subunit of the CNG channel from bovine olfactory sen-
sory neurons has a single-channel conductance of about 40
pS (Gavazzo et al., 1996). Single-channel openings of the
native CNG channel from vertebrate rods are characterized
by a very rapid flickering (Sesti et al., 1994), and its mean
open time is not longer than 40 ,s. Because of this very
rapid flickering, the determination of the single-channel
conductance is controversial: experiments based on current
recordings from patches containing many channels sug-
gested a single-channel conductance of at least 50 pS (Sesti
et al., 1994). Recordings from a very limited number of
patches containing a single channel indicated a single-chan-
nel conductance of 25 pS (Taylor and Baylor, 1995). In
contrast, the native CNG channels from bovine olfactory
sensory neurons have well-resolved openings with a mean
open time larger than 1 ms (Gavazzo et al., 1996).

Recent experimental evidence (Bucossi et al., 1996; Sun
et al., 1996) suggests that the pore region is an essential part
of the gate and that the closing and opening of the pore are
associated with conformational changes within the pore.
According to this view, the channel structure has some
degree of flexibility, and an analysis of single-channel prop-
erties of CNG channels should also be performed in light of
this notion.
The aim of this paper is to present an extensive and

detailed analysis of single-channel properties of CNG chan-
nels and to understand the molecular origin of different
single-channel properties found in CNG channels. The col-
lected experimental results on homomeric and heteromeric
channels are consistent with the existence of different con-
ducting levels in the CNG channel, leading to the appear-
ance of multiple open states in homomeric channels and to
the flickering behavior observed in heteromeric channels.
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Mutations in the pore region modify the open probability
and the thermodynamics of the transition between the
closed and open states, indicating that the channel pore is a
major component of the gate of CNG channels and may be
directly involved in the allosteric conformational change
(Goulding et al., 1994; Gordon and Zagotta, 1995) under-
lying the transition between the closed and open states.

MATERIALS AND METHODS

Dissection and recording apparatus

Recordings from the a and /3 subunits of the CNG channel and the mutants
(E363D, T364 M, and E363G) were obtained from Xenopus laevis oocytes
injected with the mRNA encoding for these channels.

Fig. 1 shows the amino acid sequence of the putative pore region of the
a and (3 subunits from CNG channels obtained from different tissues and
animals. The sequence alignment indicates a high degree of homology,
with some remarkable exceptions (see below).

The mRNA for the a and ( subunits (the short version lacking the
GARP component; see Korschen et al., 1995) and mutants E363D and
E363G was kindly provided by E. Eismann and U. B. Kaupp. The mRNA
for mutant T364M was obtained following the procedure described by
Sesti et al. (1995). The short version of the (3 subunit was used because its
coexpression with the a subunit leads to the expression of ionic channels

Alpha Subunit

Bovrod 348 VYSLYWSTLTLTTIGE TPPPV

Bovtestis 373 IYSLYWSTLTLTTIGE TPPPV

Drodsrod 300 I YSFYW STLTLTT IGE TP TP E

Chickrod 302 VY S LYW S T LTLTT IGE TPPPV

Humanrod 346 VY S LYW S TLT LTT IGE TPPPV

Chickcone 395 IYSLYWST LT LTTIGE T P PPV

Ratrod 341 VYS LYW S TLT LTT IGE T PPPV

Bovolf 325 IY CLYW STLTLTTIGE T P PPV

Catfisholf 318 V Y C F Y W S T L T L T T I G EMPPPV

Ratolf 327 I YC LYWSTL I LTTIGETPPPV

Beta Subunit

Rodbov 947 I RCYYWAVKT LI TIGrG]LPDPR
Ratolf 329 L Y SF Y F ST LI L T TV GDT P L PD

FIGURE 1 The amino acid sequence in the putative pore region of the a
subunit of cyclic nucleotide gated channels from bovine rods (Kaupp et al.,
1989), bovine testis (Weyand et al., 1994), drosophila photoreceptors
(Baumann et al., 1994), chick rods (Bonigk et al., 1993), human rods
(Dhallan et al., 1992), chick cones (Bonigk et al., 1993), mouse rods (Baehr
et al., 1992), bovine olfactory sensory neurons (Ludwig et al., 1990),
catfish olfactory sensory neurons (Goulding et al., 1992), rat olfactory
sensory neurons (Dhallan et al., 1990), and the (3 subunit from bovine
(Korschen et al., 1995) and rat rods (Bradley et al., 1994).

with properties very similar to those observed in native photoreceptors
(Chen et al., 1993). The mRNA was injected into X. laevis oocytes (Centre
National de la Recherche Scientifique, Montpellier, France) that were
treated as described by Nizzari et al. (1993). Mature X. laevis were
anesthetized with 0.2% tricainemethanesulphonate (Sigma), and ovarian
lobes were removed surgically. The vitelline membrane was removed
under visual control in a hyperosmotic medium.

Currents activated by cyclic GMP were recorded under voltage clamp
conditions from membrane patches, excised from oocytes, in the inside-out
configuration (Hamill et al., 1981). The recording apparatus was the same
as that described by Sesti et al. (1995). Approximately 50 nM mRNA was
injected into each oocyte, and membrane patches containing a single
channel could be obtained after about 18 h of incubation. When the
incubation time was longer than 36 h, single-channel recordings were very
rare.

Solutions

The solution filling the patch pipette was composed of 110 mM NaCl, 2
mM EDTA, and 10 mM HEPES buffered to pH 7.6 with tetramethylam-
monium hydroxide (TMAOH) or NaOH. Neutralizing the solution with
TMAOH or NaOH did not significantly affect either the macroscopic
current or the single-channel current. Solutions with a pH of 5.5, 6.0, 6.8,
8.4, and 9.1 were obtained by using 10 mM 2-(N-morpholino)ethanesul-
fonic acid for pH 5.5 and 6.0, 10 mM 2-[(2-amino-2-oxoethyl)-amino]eth-
anesulfonic acid for pH 6.8, 10mM N-tris[hydroxymethyl]methyl-3-amin-
opropanesulfonic acid for pH 8.4 and 9.1, and appropriate amounts of
NaOH or TMAOH. The procedure for changing the temperature was
similar to that described by Sesti et al. (1996).

Determination of single-channel conductances
Several single-channel properties were obtained from the analysis of am-
plitude histograms of current openings induced by cGMP in membrane
patches containing a single CNG channel. A patch was assumed to contain
a single CNG channel when channel openings at low cGMP concentra-
tions, i.e. 20 and 35 ,uM, had amplitudes similar to those observed in the
presence of saturating cGMP concentrations, i.e. at 500 and 1000 ,uM.
Figs. 2-4 and 7 show examples of single-channel patches. The single-
channel current was determined by analysis of amplitude histograms,
normalized so as to have an area of 1. Amplitude histograms were fitted as
the sum of two or more Gaussian functions. For instance, the amplitude
histogram of mutant T364 M at negative voltages was fitted as

aoex2I2cJ4 + ale-(x ci)2o2 + a2e-(X c2)2/24 + a3e-xc3)2/2,
(1)

where ci is the mean current flowing through the open state oi, oi is the
variance of the Gaussian function, and ai is a suitable nonnalizing coeffi-
cient. In the case of mutant E363D, a3 was taken to be 0; for the w.t. a2 was
also taken to be 0. The total open probability p0 was assumed to be 1 -pc,
wherep& was taken to be a0OrO0V, and the open probability pi, corre-
sponding to the opening to the current level c;, was taken to be aio-X1\.

Power spectra computation

Power spectra of current fluctuations induced by cGMP were computed as
described by Sesti et al. (1994). Data were filtered with an 8-pole Butter-
worth filter, nominally set at 20 kHz, corresponding to an effective cutoff
frequency (50% reduction) of about 10 kHz.

Determination of the activation energy of the
single-channel current through an open state

The activation energy of ionic permeation through an open state was
estimated by analyzing the relation between the single-channel current and
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FIGURE 2 Single-channel properties of the coexpression of the a and 13 subunit: type 1 channel. (A) Current recordings at -100 mV in the presence
of different amounts of cGMP. (B) Amplitude histograms from the experiment illustrated in A, in the presence of 20 (O), 100 (+), 200 (A), and 1000 (X)
,LM cGMP. (C) Current recordings from the same patch as in A, but at -180 mV. (D) Amplitude histogram of current openings illustrated in C. (E) Current
recordings from the same patch as in A, at +80 mV in the presence of 500 ,uM cGMP (upper trace) and in the presence of 50 ,uM L-cis-diltiazem as well
(lower trace). Current recordings were filtered at 4 kHz and sampled at 20 kHz.

lIRT, where R is the gas constant and T is the absolute temperature. The
data were plotted on a semilogarithmic scale, and the straight line through
the experimental points between 130 and 230 was obtained with a least-
mean-square procedure. The slope of this straight line was taken as an
estimate of the activation energy, so that the best fit with the equation (see
Atkins, 1978),

st -ART (2)
provided an estimate of the activation energy A, of ionic permeation
through that open state.

Determination of the Gibbs free energy AGopen Of
channel opening
In the presence of a saturating cGMP concentration, the CNG channel is
assumed to be in a fully liganded state and the open and the fully liganded
closed states are assumed to be in thermodynamic equilibrium. Therefore
the Gibbs free energy AGpe¢n associated with the transition from the closed
to the open state of a channel (equivalent to the free energy change of the
allosteric transition in Varnum et al., 1995) can be determined from the
relation

AGopen = Go-Gc = RTln PC (3)
P0

where p0 = 1 - p, and p, is the closed probability in the presence of a
saturating cGMP concentration (i.e., 1000 ,uM). AGopen characterizes the
free energy associated with the channel gating and may be referred to as the

gating free energy. The open probability was determined from at least 10 s
of continuous recordings, which did not contain long closed states, which
can be observed at positive voltages (see Figs. 3, 4, and 10). The open
probability computed over at least 10 s of recordings was similar, within
10%, to that obtained from shorter recordings of about 2 s. The gating free
energy AGopen is equal to AHOpe,n- TASopen, where AH0pen is the enthalpic
contribution and TASopen is the entropic contribution. AS0p was deter-
mined as

ASopen Gopen
(4)

AS.P<e. was obtained from a linear best fit of the relation between AGopen
and temperature (see Fig. 13) in the range between 8° and 230.

RESULTS

When the mRNA of the a subunit is injected into X. laevis
oocytes, CNG channels with well-resolved openings can be
observed (Kaupp et al., 1989; Nizzari et al., 1993). How-
ever, native CNG channels from vertebrate rods are char-
acterized by very brief and flickering openings originated
by the additional presence of the 1B subunit (Chen et al.,
1993). Therefore we have analyzed single CNG channels
obtained by the coexpression of the a and 13 subunits in
oocytes.

Bucossi et al. 1167
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FIGURE 3 Single-channel properties of
the coexpression of the a and ,B subunit: type
2 channel (low conductance). (A) Current
recordings at -100 mV in the presence of
different concentrations of cGMP. (B) Am-
plitude histograms from the experiment illus-
trated in A, in the presence of 35 (0), 50
(+), 100 (EZ), and 500 (X) ,tM cGMP. (C)
Current recordings from the same patch as in
A at + 100 mV in the presence of 500 ,tM
cGMP (lower trace) and in the presence of
50 ,uM L-cis-diltiazem as well (upper trace).
(D) Amplitude histograms of current record-
ings shown in C, in the absence (X) and in
the presence (0) of diltiazem. Current re-
cordings in A and C filtered at 4 kHz and
sampled at 20 kHz. (E) Current recordings
from the same patch as in A and C, but at
-200 mV, filtered at 8 kHz and sampled at
40 kHz. (F) Amplitude histograms of current
recordings shown in E. Symbols as in B.
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The coexpression of the a and 13 subunits

The analysis of patches containing a single CNG channel,
obtained by coinjecting the mRNA for the a and 3 subunits
(in the ratio 1/2.5), indicated the existence of different types
of channel. To distinguish recordings from a patch contain-
ing a single CNG channel from recordings from several
CNG channels, the following criterion was adopted: a patch
was considered to contain a single CNG channel when
current transients observed at low and high cGMP concen-
trations had a similar amplitude (see Figs. 2-4). Among
more than 50 recordings from presumed single-channel
patches, 29 satisfied this criterion. In four of these channel
recordings, a single well-resolved opening was observed at
positive voltages, but multiple openings were detected at
negative voltages. These channels were classified as type 1
channels (see Fig. 2). The remaining 25 patches exhibited
highly flickering openings, very similar to those described
in the native channel (Sesti et al., 1994; Taylor and Baylor,

1995) and in previous reports (Chen et al., 1993; Korschen
et al., 1995). However, these 25 patches exhibited channel
openings of different amplitude varying by more than
100%, which was most remarkable at +100 mV, and were
classified as type 2 and 3 channels. Type 2 channels had a
low conductance (see Fig. 3), and type 3 channels had a
high conductance (see Fig. 4).

Fig. 2 illustrates current recordings from type 1 channel
obtained by coexpressing the a and 3 subunits. Fig. 2 A
reproduces current recordings at -100 mV in the presence
of different cGMP concentrations (20, 100, 200, and 1000
,uM); the corresponding amplitude histograms are shown in
Fig. 2 B. These openings were noisier than those observed
in the w.t. channel (compare with Fig. 6), but the amplitude
histogram showed a broad, well-resolved peak correspond-
ing to the open state at all cGMP concentrations (see Fig. 2
B). When current transients were observed at -180 mV (see
Fig. 2 C), the amplitude histogram corresponding to channel
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FIGURE 4 Single-channel properties of the coex-
pression of the a and )3 subunit: type 3 channel (high
conductance). (A and B) Current recordings at + 100
(A) and at -100 mV (B) in the presence of different
concentrations of cGMP and in the presence of 500
,uM cGMP and 50 J,M L-cis-diltiazem (lower
traces). (C and D) Amplitude histograms of current
opening from the experiment illustrated in A and B,
respectively, in the presence of 35 (O), 50 (+), 100
(O), and 500 (X) ,.M cGMP. Current recordings
were filtered at 4 kHz and sampled at 20 kHz.
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openings (see Fig. 2 D) revealed two well-resolved peaks
corresponding to conductances of about 30 and 44 pS,
respectively. A less resolved conductance level of about 15
pS can be noticed by visual inspection of current recordings
of Fig. 2 C. Homomeric CNG channels are not significantly
blocked by the compound L-cis-diltiazem (Kaupp et al.,
1989), whereas native CNG channels from photoreceptors
are (Stem et al., 1986). Therefore the effect of L-cis-dilti-
azem on heteromeric channels was investigated (see also
Chen et al., 1993; Korschen et al., 1995). At +80 mV, the
type 1 channel had well-resolved openings, which were
completely blocked by the addition of 50 JIM L-cis-dilti-
azem (see Fig. 2 E). The single-channel conductance at + 80
mV was approximately 40 pS. When the membrane voltage
was returned to -100 mV, a single current level was
observed and no changes in single-channel properties were
observed over time.
Type 2 and 3 channels have highly flickering openings at

both positive and negative voltages (see Figs. 3 and 4). Fig.
3 A reproduces current recordings at -100 mV from type 2
channel in the presence of different cGMP concentrations
(35, 50, 100, and 500 ,uM); the corresponding amplitude

histograms are shown in Fig. 3 B. Fig. 3 C shows current
recordings in the presence of 500 ,uM cGMP at +100 mV
in the absence (lower trace) and in the presence (upper
trace) of 50 p.M L-cis-diltiazem, indicating that the channel
openings were almost completely blocked by L-cis-dilti-
azem. The corresponding amplitude histograms are shown
in Fig. 3 D.

At positive voltages, current openings were often inter-
rupted by long closed times, even in the presence of satu-
rating cGMP concentrations. At +100 mV the amplitude
histogram revealed a well-resolved peak corresponding to
the open state, whereas at -100 mV it did not show two
distinct peaks corresponding to the open and closed states.
This behavior is almost identical to that described by Taylor
and Baylor (1995) in some recordings from single-channel
patches excised from rod outer segments.
To resolve channel openings it may be useful to apply

larger voltages and record the electrical activity at a wider
bandwidth. Fig. 3 E illustrates current recordings from the
same patch as in Fig. 3 A, but at -200 mV and at a
bandwidth of 8 kHz. Amplitude histograms are shown in
Fig. 3 F. Even in the presence of a larger driving force, no
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square events could be detected and amplitude histograms
were simply broader.

Fig. 4 illustrates current recordings from a type 3 channel.
Fig. 4, A and B, reproduces current recordings at +100
and - 100 mV, respectively, in the presence of different
cGMP concentrations; the corresponding amplitude histo-
grams are shown in Fig. 4, C and D, respectively. Channel
openings have the same amplitude at low and high cGMP
concentrations, and the shape of the amplitude histogram
corresponding to openings does not change while increasing
the cGMP level. These observations indicate that the re-
cording was from a patch containing a single CNG channel.
The analysis of amplitude histograms at +100 mV indicates
that this channel has a single-channel conductance of at
least 45 pS. The lower traces in Fig. 4, A and B, were
obtained in the presence of 500 ,M cGMP and 50 ,M
L-cis-diltiazem, at +100 and -100 mV, respectively. It is
evident that this channel was blocked by L-cis-diltiazem in
a voltage-dependent way. Type 3 channel appeared to be
slightly more sensitive to cGMP and L-cis-diltiazem than type
1 or 2. However, the sensitivity of these channels to cGMP
and L-cis-diltiazem was not investigated in detail. The ki-
netics of heteromeric channels, especially types 2 and 3,
was too fast to measure open and closed states; as a conse-
quence, we have not attempted to measure these quantities.

Fig. 5 illustrates the distribution of the apparent conduc-
tance of flickering channels at -100 (broken line) and
+100 mV (solid line). The apparent conductance was ob-
tained as Ipeak/V. At -100 mV, Ipeak was the current corre-
sponding to the peak of the amplitude histogram in the
presence of 500 or 1000 ,iM cGMP; at + 100 mV Ipeak was
the current of the peak of the amplitude histogram corre-
sponding to the open state. At -100 mV the distribution had
a single peak between 5 and 1O pS. At +00 mV the

15
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E£5

0

0i

0 10 20 30 40 50
Apparent s.c. conductance (pS)

FIGURE 5 Distribution of apparent conductance of single channels at
-100 (----) and at +1I00 mV ( ). The apparent conductance at -1I00
mV was obtained as IpeaklV. At -100 MV, Ipeak was the current coffe-
sponding to the peak of the amplitude histogram in the presence of
I 000KiM cGMP; at +1I00 mV Ipek is the current of the peak of the
amplitude histogram corresponding to the open state. Data from 25 single-

distribution of the apparent conductance indicated the exis-
tence of channels with a low conductance (type 2) and
channels with a high conductance (type 3).
Assuming that at +100 mV type 2 channels have an

apparent conductance between 5 and 25 pS and type 3
channels between 25 and 45 pS, the fraction of flickering
channels of types 2 and 3 was 0.56 and 0.44, respectively.
The analysis of similarities and differences in the amino

acid sequence of the a and 13 subunits in the putative pore
region (see Fig. 1) can provide useful information for the
understanding of the molecular mechanisms underlying the
flickering behavior of heteromeric CNG channels. At the
equivalent location 363 of the bovine rods, all a subunits
have a glutamate that controls features of ionic permeation
such as rectification, blockage by extracellular divalent cat-
ions, and the multi-ion nature of the channel (Root and
MacKinnon, 1993; Eismann et al., 1994; Park and Mac-
Kinnon, 1995; Sesti et al., 1995). At the equivalent position
364 of the bovine rod, all CNG channels have a threonine,
with the exception of the CNG channel from catfish olfac-
tory sensory neurons, which has a methionine. Therefore we
have studied the properties of mutant T364M (18 single-
channel patches) of the a subunit of CNG bovine rods. The
putative pore region of the 1B subunit of CNG channels has
a lower homology with the family of the a subunits. How-
ever, it is important to notice that at location 363 of the
CNG channel from bovine rods, where a critical glutamate
is located, the 13 subunit from bovine rods has a glycine,
whereas the 13 subunit from rat olfactory neurons has an
aspartate. The so-called 13 subunit from olfactory sensory
neurons, however, may be another a subunit and not a
distinct phylogenetic protein (Kaupp, 1995). Because of the
critical role of glutamate 363 in the a subunit, we have
investigated in detail the properties of mutants E363G (eight
patches and three single-channel patches) and E363D (20
single-channel patches) of the a subunit of CNG channel
from bovine rods.

Mutants E363D and T364M

Fig. 6 illustrates current recordings from membrane patches
containing a single channel gated by cGMP of the w.t. and
of mutants E363D and T364M at -100 mV (A) and + 100
mV (B). The channels were activated by the addition of 500
,iM cGMP to the medium bathing the intracellular side of
the membrane. Analysis of current recordings and of am-
plitude histograms indicates that the w.t. channel has a
well-resolved conductance of about 28 pS at both positive
and negative membrane voltages. The sum of two Gaussian
functions, however, does not provide a good fit of the
amplitude histogram, possibly suggesting the existence of
substates that could not be well resolved. At -100 mV,
however, mutant E363D exhibits noisier openings, and the
analysis of amplitude histograms indicates the existence of
at least two open states with conductances of about 28 and

channel recordings.

1170 Biophysical Journal

46 pS (see arrows in the middle amplitude histogram in Fig.



Properties of CNG Channels

A B
-lOOMV ...07+100 MV -.0.6

w.t. 06wt

3 0.4
pA 0.43 0

c c0.2 403 0
0.1 0.3

0.10.

E363D

-02

T364M 0.7
0.6

uiL.AMAriA8iW A.~l' 1$M- 0.5
0 0.3-

1 1 0.2
40 msec 0.1

If,} X t 02 ,

-6 -4 -2 0 2
Current (pA)

E363D 0.6
0.5

AL SO * A

I 0 0
0.2-

T364M 0.6

0.5

0.4 O Z

0.3

0.2 °

0.1 0 8 °

-2 0 2 4 6
Current (pA)

FIGURE 6 The single-channel current of the w.t. and mutants E363D and T364M at -100 (A) and + 100 mV (B). Channels were activated by 500 ,uM
cGMP added to the medium bathing the intracellular side of the membrane. Current recordings were filtered at 4 kHz and sampled at 20 kHz. Amplitude
histograms were obtained from at least 8 s of current recordings. Upper, middle, and lower rows refer to the w.t. and mutants E363D and T364M,
respectively. Amplitude histograms at - 100 mV were fitted as the sum of two (for the w.t.), three (for mutant E363D), and four (for mutant T364M)
Gaussian functions. The parameter values used to obtain the fitting were ao = 0.32, o-O = 0.44 pA, a, = 0.37, oj = 0.57 pA, and cl = -2.8 pA for the
w.t.; ao = 0.6, co = 0.31 pA, a, = 0.18, a, = 0.54 pA, cl =-2.8 pA, a2 = 0.12, o72 = 0.63 pA, and c2 = -4.6 pA for mutant E363D; ao = 0.1, crO
= 0.33 pA, a, = 0.125, a,l = 0.54 pA, c, = -1.7 pA, a2 = 0.155, o02 = 0.5 pA, C2 = -2.6 pA, a3 = 0.120, a3 = 0.63 pA, and C3 = -4.3 pA for mutant
T364M.

6 A). At the same voltage, mutant T364M has three distinct
open levels with conductances of about 17, 25, and 43 pS
(see arrows in the lower amplitude histogram in Fig. 6 A).
The distinct open state levels observed in mutant T364M are
very similar to those already described in the CNG channel
from catfish olfactory sensory neurons (Goulding et al.,
1992; Root and MacKinnon, 1994).
At +100 mV, amplitude histograms of current fluctua-

tions of the w.t. and mutant T364M have only two peaks
with a similar and symmetrical shape, indicating the exis-
tence of only one resolvable conductance level. The same
conclusion was reached during the analysis of a patch
containing a single CNG channel of mutant T364M, in
which it was possible to study channel openings up to +200
mV. In mutant E363D, at +100 mV, the lobe of the am-
plitude histogram corresponding to the open state is signif-
icantly broader than that corresponding to the closed state,
suggesting the existence of distinct open states with a sin-
gle-channel conductance of about 30 pS. Similarly, single-
channel current recordings from w.t. channels at -200 mV
were significantly noisier during the open state than the

closed state: the standard deviation of the open state was
four times that of the closed state. These results suggest that
the w.t. channel also has distinct open states with a similar
conductance around 30 pS. Single-channel properties of the
w.t. and mutant channels E363D and T364M were remark-
ably consistent in all single-channel patches, and the single-
channel conductance did not vary by more than 10%.
The amplitude histograms shown in Fig. 6 were obtained

in the presence of a high concentration of cGMP (i.e., 500
,uM); therefore we have examined the possibility that the
occurrence of the different conducting open states of mutants
E363D and T364M depends on the cGMP concentration.

Fig. 7, A and B, reproduces current recordings obtained in
the presence of different cGMP concentrations from mem-
brane patches containing a single channel of mutants E363D
and T364M, respectively. Amplitude histograms of current
fluctuations in the presence of different cGMP concentra-
tions are shown in Fig. 7, C and D, for mutants E363D and
T364M, respectively. Amplitude histograms associated with
channel openings (i.e., between -6 and -1 pA) can be
fitted by the same equation, properly scaled, as shown by
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FIGURE 7 The dependence of open substates of
mutants E363D and T364M on the cGMP concen-
tration. (A and B) Current recordings at -100 mV
obtained in the presence of the indicated cGMP
concentration from a membrane patch containing a
single channel activated by cGMP of mutants
E363D and T364M, respectively. (C and D) Ampli-
tude histograms in the presence of different levels of
cGMP. (C) 30 (A), 50 (X), 100 (El), 500 (+), and
1000 (O) ,uM cGMP; (D) 20 (A), 100 (X), 200 (El),
500 (+), and 1000 (0) ,uM cGMP. The continuous
lines in C were obtained as the sum of two Gaussian
functions with a, = 0.18, o-, = 0.54 pA, c, =-2.8
pA, a2 = 0.12, a-2 = 0.63 pA, and c2 = -4.6 pA,
appropriately scaled. The continuous lines in D were
obtained as the sum of three Gaussian functions with
a, = 0.125, o, = 0.54 pA, c, = -1.7 pA, a2 =

0.155, a2 = 0.5 pA, c2 =-2.6 pA, a3 = 0.12, o3 =

0.63 pA, and C3 =-4.3 pA, appropriately scaled. (E
and F) Relation between cGMP concentration and
open probability: po (L). pi (2), and P2 (+) for
mutant E363D in E and po (C]), p (°), P2 (±), and
p3 (X) for mutant T364 M in F. Open probabilities
were determined as described in Materials and
Methods.
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the theoretical lines through the experimental points in Fig.
7, C and D. Fig. 7, E and F, shows the dependence of the
total open probability p0 and of the open substates pi on the
cGMP concentration for mutants E363D and T364M, re-
spectively. It is evident that the relative probability of the
different open states does not depend on the level of channel
agonist. These results were observed in three single-channel
patches of mutants E363D and T364M.

Mutant E363G

As shown in Fig. 1, the f3 subunit from bovine rods has a
glycine at the equivalent position of glutamate 363 of the
rod channel. As the amino acid in position 363 controls
several features of ionic permeation (Root and MacKinnon,
1993; Eismann et al., 1994; Park and MacKinnon, 1995;
Sesti et al., 1995), the fast flickering of the native channel

may be caused by the presence of a glycine in the ,B subunit;
therefore we have investigated the mutant E363G.

Fig. 8 A illustrates current recordings at -100 mV, in the
presence of different levels of cGMP (0, 100, 200, 500, and
1000 ,uM), from a patch containing several channels of
mutant E363G. The mean current in the presence of 500 and
1000 ,uM cGMP was 1.75 and 1.9 pA, respectively, indi-
cating that 1000 ,tM cGMP activated mutant E363G almost
completely. At 22°C these openings are very brief and
transient. In a previous study (Sesti et al., 1996) it was

shown that when the temperature is decreased, square
events can be detected, and the single-channel conductance
at 18°C is about 30 pS.

Fig. 8 B illustrates current recordings at -140 mV from
a membrane patch presumably containing a single CNG
channel of mutant E363G. In the absence of cGMP the trace
is quiet (Fig. 8 B, upper trace), and upon addition of 1000
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FIGURE 8 Single-channel properties of mutant
E363G. (A) Current recordings at -100 mV from a
membrane patch containing several mutant channels
E363G activated by cGMP in the presence of dif-
ferent concentrations of cGMP. (B) Current record-
ings from a patch presumably containing a single
mutant channel E363G. The upper and lower traces
were obtained in the absence of cGMP and in the
presence of 1000 ,uM cGMP, respectively, at the
holding voltage of -140 mV. Current recordings in
A and B had the same scales and were filtered at 4
kHz and sampled at 20 kHz. (C) Amplitude histo-
gram from 25 s of the current recording shown in B
in the presence of cGMP. (D-G) Single-channel
properties of the coexpression of the w.t. and mutant
E363G. The mRNA of the w.t. and mutant E363G
were coinjected in the ratio of 1:2 in oocytes. (D and
F) Current recordings in the presence of 500 ,tM
cGMP at -100 and -180 mV, respectively. (E and
G) Amplitude histograms obtained at the holding
voltage of -100 and -180 mV, respectively.
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,uM cGMP, brief and rare openings are observed (Fig. 8 B,
lower trace). In agreement with previous reports (Sesti et
al., 1996), when the temperature was decreased to about
10°C, well-resolved openings were observed in the presence
of cGMP, but not in its absence. Fig. 8 C reproduces the
amplitude histogram of current fluctuations from the exper-
iment shown in Fig. 8 B, where the solid line is a Gaussian
distribution corresponding to the noise of the closed state.
By computing the area of the histogram above the Gaussian
distribution and corresponding to channel openings, the
open probability was estimated to be on the order of 0.007
(see also Sesti et al., 1996). Under similar conditions, the
open probability of the w.t. is around 0.8, i.e., almost
100-fold that of mutant E363G. As a consequence, a muta-
tion in the pore region profoundly modifies the gating of
CNG channels.

Fig. 8 D reproduces current recordings from a CNG
channel obtained by coinjecting the mRNA for the w.t. and
mutant E363G into oocytes in the ratio 1/2. In the presence

of 500 ,uM cGMP and at -100 mV (Fig. 8 D), channel
openings were rather transient and reminiscent of those
observed in the native channel. The amplitude histogram
(see Fig. 8 E) did not show a clear second peak correspond-
ing to a well-resolved opening. However, when current
fluctuations were studied at -180 mV (see Fig. 8 F), the
amplitude histogram (see Fig. 8 G) exhibited a well-re-
solved peak corresponding to a conductance of about 17 pS
and a tail corresponding to much larger openings with
conductances up to about 50 pS. Because of the significant
flickering, the number of the conductance levels above that
at 17 pS could not be determined. The behavior described in
Fig. 8, F and G, was also observed in another four single-
channel recordings, but the lowest conductance level varied
between 15 and 25 pS, and the highest one ranged between
40 and 60 pS. The openings of mutant E363G are reminis-
cent of those observed in heteromeric type 1 channel (see
Fig. 2). It is worth noticing that both the w.t. and mutant
E363G have a single-channel conductance of about 30 pS,

A
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but when they are heterologously coexpressed, heteromeric
channels have at least two open states with conductances
above and below 30 pS.

The effect of external and internal pH

The relative probability of the different open states of the
CNG channels from catfish olfactory sensory neurons de-
pends on pH (Goulding et al., 1992; Root and MacKinnon,
1994). Therefore, to understand the physical properties of
the different open states observed in CNG channels from
vertebrate rods, we have analyzed the effect of extracellular
and intracellular pH on the different open states of mutants
E363D and T364M and on channels obtained from the
coexpression of the a and ,B subunits.

Fig. 9 illustrates the effect of changing the extracellular
pH on channel openings induced by 500 ,uM cGMP in
mutants E363D (Fig. 9 A) and T364M (Fig. 9 B), at -140
mV. Current recordings in Fig. 9, A and B, were obtained
from different patches because the solution filling the patch
pipette could not be changed during an experiment. When
the proton concentration in the extracellular medium was
reduced (i.e., [pH]. was increased to 8.4), openings of

A

mutant T364M were more squared and, to a lesser extent,
this was also true in the case of mutant E363D. When
extracellular pH was decreased to 6, channel openings were
significantly smaller, as if the channel had only one open
state with a low conductance. In mutant E363D the ratio
between the open probability of the high and low conduc-
tance states was 0.12, 0.43, and 0.64 in the presence of
extracellular pH at 6.0, 7.6, and 8.4, respectively. In mutant
T364M the open probability of middle and high conduc-
tance states at extracellular pH 6.0 was negligible. The
concentration of protons in the extracellular medium, how-
ever, not only modified the relative probability of the dif-
ferent open states; it also affected the conductance of indi-
vidual open states with a pK on the order of 4 or 5.
When the intracellular proton concentration was varied in

the medium bathing the cytoplasmic side of the membrane,
different results were obtained. As shown in Fig. 9, C and
D, changing [pH]j from 8.4 to 6 significantly increased the
open probability for mutants E363D and T364M (five sin-
gle-channel patches). However, varying [pH]j did not sig-
nificantly modify the shape of openings and of amplitude
histograms; two open levels in mutant E363D and three

ruHi 7 St B "&AU [PH l 7.6E363D L""] r-f. i;oq Lr j i
...

[pH] 8.4 [pH] 8.4

pA -01 ~ -02
L , r-03
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FIGURE 9 Effect of pH on single-channel prop-
erties of mutants E363D and T364M at -140 mV.
(A and B) Current recordings from a single channel
of mutants E363D (A) and T364M (B). Upper,
middle, and lower rows refer to [pH]O 8.4, 7.6, and
6, respectively. In A and B [pH]i was 7.6. Record-
ings were from different patches, but were excised
from the same oocyte. (C and D) Current record-
ings from a single mutant channel E363D and
T364M, respectively, in the presence of different
[pH]i, but in the presence of [pH]. in all of the
experiments. Channels were activated by 500 ,uM
cGMP added to the medium bathing the intracel-
lular side of the membrane. Current recordings
were filtered at 4 kHz and sampled at 20 kHz.
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open levels in mutant T364M could be clearly detected in
the presence of [pH]j ranging between 5.5 and 8.4. Increas-
ing the proton concentration slightly decreased the ampli-
tude of channel openings with a pK on the order of 4 or 5.
The effect of different pH was analyzed in 8 and 10 single-
channel patches of mutants E363D and T364M, respec-
tively. These results indicate a very profound asymmetry of
the effect of protons: extracellular protons but not intracel-
lular protons modify the relative probability of the different
open states.
When the effect of extracellular protons is analyzed in

heteromeric CNG channels, a different result is observed.
Fig. 10, A and B, illustrates current recordings from two
different patches containing a single CNG channel obtained
by coexpressing the a and ,B subunits when pH inside the
patch pipette was 7.6 and 9.1, respectively. In each panel the
upper and lower traces were obtained at +100 and -100
mV, respectively. The current recordings in Fig. 10, A and
B, had the same qualitative flickering behavior. Fig. 10 C
illustrates a comparison between power spectra of current
fluctuations at -100 mV induced by 500 ,uM cGMP in the
presence of extracellular pH 9.1 (plus signs) and 7.6 (dia-
monds). The two power spectra have very similar shapes,
indicating that the fast flickering observed in CNG channels
obtained by coexpressing the a and B3 subunits is indepen-
dent of the extracellular proton concentration, similar to
what is observed in native CNG channels (Sesti et al.,
1994). These results show that the fast flickering in hetero-
meric channels is not modulated by extracellular protons,
whereas the relative probability of different open states in
homomeric channels depends on the concentration of extra-
cellular protons.

The gating of CNG channels

As shown in previous figures, openings of CNG channels
are not often well resolved, and it is difficult to measure the

open times; therefore it is not clear how to characterize their
gating in a quantitative way. A possible way is to compute
power spectra of current fluctuations induced by cGMP at a
given bandwidth. Fig. 11 reproduces power spectra of cur-
rent fluctuations from different CNG channels at a band-
width of 10 kHz (see Materials and Methods).

Fig. 11 A illustrates power spectra of current fluctuations
in the w.t. (plus signs) and mutant channels E363D (dia-
monds) and T364M (triangles) at -100 mV and in the
presence of 500 ,M cGMP. These power spectra had
broadly the same shape, and about 90% of their energy was
concentrated within the band 0-3 kHz. Power spectra of
current fluctuations from the w.t. (plus signs), mutant
E363G (diamonds), and the coexpression of the w.t. and
mutant E363G (triangles) are shown in Fig. 11 B. The
power spectrum of current fluctuations of mutant E363G
had a broader bandwidth, with significant frequency com-
ponents above 1 kHz, reminiscent of the power spectrum of
current fluctuations in the native channel (Sesti et al., 1994).
However, the shape of the power spectrum of channels
obtained by the coexpression of the w.t. and mutant E363G
was more similar to that observed in the w.t. than to that of
mutant E363G. These results indicate that the presence of a
glycine in the 1B subunit at the position equivalent to gluta-
mate 363 is not the major origin of the fast flickering
observed in type 2 and 3 channels obtained by coexpressing
the a and ,B subunits (see Fig. 11, D-F).
The power spectrum of current fluctuations of type 1

channel obtained from the coexpression of the a and /3
subunit (diamonds), shown in Fig. 11 C, was only margin-
ally broader than the power spectrum of the w.t. (plus
signs). In contrast, power spectra of current fluctuations of
type 2 and 3 channels were significantly broader than that of
the w.t. and extended up to 10 kHz (see Fig. 11 D). The
frequency cutoff at about 11 kHz, observed in Fig. 11 D,
could not be distinguished from that expected from the

FIGURE 10 Effect of external pH
on the coexpression of the a and (3
subunits. Current recordings from
patches containing a single CNG
channel obtained from the coexpres-
sion of the a and ,3 subunit at [pH].
7.6 and 9.1, respectively. In A and B
the upper (lower trace) was obtained
at +100 (- 100) mV. In A and B
recordings were obtained from differ-
ent patches, but excised from the
same oocyte. (C) Power spectra of
current fluctuations at -100 mV
from the experiments shown in A
(0) and B (+). Current recordings
filtered at 20 kHz and sampled at 60
kHz. Power spectra were computed
as described by Sesti et al. (1994).
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FIGURE 11 Power spectra of the w.t, mutant
channels, and coexpressed channels. (A) Power
spectra of current fluctuations in the presence of 500
,uM cGMP at -100 mV from the w.t. (+), mutants
E363D (0O) and T364 M (A). (B) As in A, but for the
w.t. (+), mutant E363G (K>), and the coexpression
of w.t. and E363G (A). (C) As in A, but for the w.t
(+) and type 1 channel obtained from the coexpres-
sion of the a and (3 subunits (KO). (D) As in A, but
for type 2 (A) and type 3 ( O ) of the coexpression of
the a and ,B subunits, indicated by ([a] + [13]), and
([a] + [1]), respectively. (E and F) Power spectra
at -100 (+) and +100 (K>) mV for type 2 and 3
channels obtained from the coexpression of the a

and ,3 subunits. Current recordings were filtered at
20 kHz and sampled at 60 kHz. Power spectra were
computed as described by Sesti et al. (1994). In
A-D, power spectra were aligned so as to have a
similar low-frequency asymptote.
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analog filter used. As a consequence, the real power spec-
trum of current fluctuations induced by cGMP in type 2 and
3 channels may extend significantly above 10 kHz, as in
native CNG channels (Sesti et al., 1994). Fig 11, E and F,
shows power spectra at -100 (plus signs) and +100 mV
(diamonds) for type 2 and type 3. The power spectrum in the
bandwidth up to 100 Hz has significantly more energy at
+100 mV than at -100 mV, because of the presence of
long closures at positive voltages, lasting several millisec-
onds, even in the presence of high cGMP concentrations
(see Figs. 3 and 4). The shape of the power spectrum above
1 kHz is rather similar at +100 and -100 mV, indicating
that the fast flickering has similar kinetics properties at

negative and positive voltages in the bandwidth up to 10
kHz.

The effect of temperature on
single-channel properties
An important physical property of an open pore is the
activation energy A, of the current flowing through it. The
activation energy provides an estimate of the enthalpic
barrier the ion has to cross during permeation (Sesti et al.,
1996). As a consequence, it is important to determine
whether the different open states observed in mutant chan-
nels have different activation energies. In addition, the
analysis of the effect of temperature on the open probability
in the presence of a saturating cGMP concentration provides
(see Eqs. 3 and 4) an estimate of the Gibbs free energy for
the channel gating AG.pen- Therefore we have analyzed the
effect of temperature on single-channel properties of the
w.t. and mutant channels.

1
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Fig. 12, A and D, illustrates single-channel recordings at
-100 mV at 21°C and 11°C for mutants E363D and T364M,
respectively. The corresponding amplitude histograms at
210 (diamonds) and at 11 C (plus signs) are shown in Fig.
12, B and E, respectively. It is evident that the open prob-
ability increased when the temperature was reduced and that
the current flowing through the open states decreased. Fig.
12 C shows the dependence of the single-channel current
flowing through the high (plus signs) and low (diamonds)
conductance open state on 1IRT for mutant E363D. The
straight lines through the experimental points indicated an
activation energy of 44 and 48 kJ/mol, for the high and low
conductance open states. Fig. 12 F reproduces a similar
dependence for the single-channel current flowing through
the middle-conductance open state of mutant T364M. In
this case the activation energy was about 44 kJ/mol. The
activation energy of the current through an open w.t. chan-
nel is about 40 kJ/mol (Sesti et al., 1996). Therefore the
activation energy of open channel current in mutants E363D
and T364M is slightly higher than in the w.t. channel. These

A

activation energies are higher than the average value of
about 25 kJ/mol found in Na+ channels (Hille, 1992), thus
indicating the existence of an enthalpic barrier in CNG
channels higher than in Na+ channels. The relevance of
these thermodynamic measurements for ionic permeation
has been presented elsewhere (Sesti et al., 1996).

Fig. 13 illustrates the dependence of the open probability
on temperature at -100 mV (diamonds) in the presence of
1000 ,uM cGMP for the w.t. (Fig. 13 A) and mutant chan-
nels E363D (Fig. 13 B), T364M (Fig. 13 C), and E363G
(Fig. 13 D). At 21°C, the open probability for the four
channels was 0.78 ± 0.06, 0.47 ± 0.14, 0.5 + 0.12, and
0.007 ± 0.003, respectively. When the temperature was
decreased, the open probability remained around 0.8 for the
w.t. and significantly increased for the other channels. The
gating free energy AGopen (plus signs) was obtained from
Eq. 3, and the data shown in Fig. 13 and its dependence on
temperature are reported in the same panels of Fig. 13 for
the four channels. From these data some thermodynamic
quantities characterizing the gating of the four channels can

E363D 21' C D T364M 21' C

FIGURE 12 The effect of temperature on single-
channel properties of mutants E363D and T364M.
Channels were activated by 1000 ,uM cGMP, and
the holding voltage was -100 mV. (A and D) Cur-
rent recordings at two different temperatures from
mutant E363D and T364M, respectively. (B and E)
Amplitude histograms of current openings in A and
C, respectively, at 21'C (K) and 11'C (+). (C) The
relation between the single-channel current of mu-
tant E363D of the high (+) and low (O) conduc-
tance state and 1IRT. The straight lines through the
points indicate an activation energy of 44 and 48
kJ/mol for the high and low conductance states,
respectively. (F) Relation between the single-chan-
nel current of the middle conductance state of mu-
tant T364M and 1IRT. The straight line through the
points indicates an activation energy of 44 kJ/mol.
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FIGURE 13 The effect of temper-
ature on the open probability in the
presence of a saturating cGMP con-
centration in the w.t. (A), mutant
E363D (B), T364M (C), and E363G
(D). In each panel the open probabil-
ity (K>) and the opening Gibbs free
energy AGopen (+) are plotted against
temperature. The opening Gibbs free
energy is defined in Materials and
Methods. Channels were activated by
1000 ,uM cGMP, and the holding
voltage was -100 mV.
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be obtained. The entropic change ASpen associated with
channel gating can be estimated from Eq. 4. Collected data
from at least four patches from the w.t. and mutant channels
are shown in Table 1. These values suggest some remarks.
At 20°C, the open probability po is 0.78 for the w.t., im-
plying a negative value for AGopen (see Eq. 3). For the two
mutants E363D and T364M, p0 is close to 0.5, indicating a
value of AGopen close to 0, whereas for mutant E363G p0 is
very small and AGopen is positive. The entropic contribution

TABLE 1 The open probability PO in the presence of 1000
,uM cGMP at -100 mV, the Gibbs free energy for the channel
gating AGop0n (obtained from Eq. 3), and the enthalpic
(AHO,,,) and entropic (-TAS0,..) contributions of the channel
gating AGopen
Channel P. AGp3n AHopen -TASp°n (kJ/mol)

w.t. 0.78 ± 0.06 -3 + 0.4 -1 ± 1.9 -2.1 ± 1.5
E363D 0.47 ± 0.14 1 + 0.8 -79 + 22.8 80 + 2.2
T364M 0.5 + 0.12 0 ± 0.8 -72 ± 18.8 72 + 18
E363G 0.007 + 0.003 12 ± 1.5 -120 + 43.5 132 ± 42

AS.pen was obtained from Eq. 4, and AHop,en was obtained as AGopen +

TAS.pe,n. The temperature was 200.

(- TASO.p,) is clearly positive for the three mutant channels
but very small for the w.t. The enthalpic contribution is
negative for the three mutant channels, but small for the w.t.
These results indicate that the thermodynamics of the gating
in mutant channels is different from that in the w.t.: a large
entropic barrier has to be overcome in mutant channels, but
not in the w.t.

DISCUSSION

The results presented in this paper suggest that CNG chan-
nels usually have multiple open states with different con-

ductances and indicate that the pore region is an essential
component of the gating of the channel. Let us review the
major issues raised in this paper.

Homomeric CNG channels have multiple
open states

The a subunit of CNG channels from vertebrate rods has a

single open state or distinct open states with a similar
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conductance of about 28 pS (Kaupp et al., 1989; Nizzari et
al., 1993). However, when glutamate 363 is mutated to an
aspartate or when threonine 364 is mutated to a methionine
(see Figs. 6 and 7), or when the a subunit is coexpressed
with other polypeptides (see Figs. 2 and 8), distinct open
states with a different conductance can be resolved at neg-
ative voltages. As shown in Fig. 7, the relative probability of
these open states is independent of the cGMP concentration.
At -100 mV three open states with a single-channel con-
ductance of about 17, 25, and 43 pS were observed in
mutant T364M, whereas only two open states with conduc-
tances of 28 pS and 46 pS could be reliably measured in
mutant E363D. In contrast, at positive voltages the analysis
of amplitude histogram revealed only open states with a
conductance of about 28 pS (see Fig. 6).
As in the CNG channel from catfish olfactory sensory

neurons, the relative probability of these open states is
modulated by the proton concentration in the extracellular
medium (Goulding et al., 1992; Root and MacKinnon,
1994), but not significantly in the intracellular medium (see
Fig. 9). The single-channel conductance of homomeric
CNG channels appears to be sensitive to pH in at least two
ways: extracellular protons control the relative probability
of the different open states in mutants E363D and T364M
with a pK on the order of 7; intracellular protons reduce the
single-channel conductance of open state with a pK on the
order of 4 or 5. The very weak effect of intracellular protons
on the relative probability of the different open states in mu-
tants E363D and T364M indicates the existence of a significant
asymmetry very similar to that observed with Ca2+: extracel-
lular Ca2+ ions block the CNG channel between 100 and 1000
times more powerfully than intracellular Ca2+ (Root and
MacKinnon, 1993; Eismann et al., 1994). The asymmetrical
action of Ca2+ and/or protons cannot be easily explained by
interactions within the pore region (Wells and Tanaka, 1996).
An alternative explanation is that Ca2+ and protons bind to
some other domain of the channel.
The w.t. homomeric channel does not exhibit clear open

states with a different conductance. However, at very neg-
ative voltages the standard deviation of current fluctuations
during the open state is about four times that observed when
the channel is closed. This observation may suggest that the
w.t. homomeric channel also has multiple open states with
a similar conductance. These multiple open states may be
caused by a different degree of protonation of important
residues within the pore of the channel, as suggested by
Root and MacKinnon (1994) or by the existence of distinct
molecular conformations of the open pore.
The current through open states of mutants E363D and

T364M has an activation energy varying between 44 and 48
kJ/mol, slightly higher than that observed in the w.t. channel
(Sesti et al., 1996).

Heteromeric CNG channels are heterogeneous

CNG channels obtained by the coexpression of the a and 13

channel properties. The present analysis has identified three
types of channels: type 1, which has at least two open states
with a conductance of about 29 and 44 pS at negative
voltages, but a single open state with a conductance of about
40 pS at positive voltages (see Fig. 2); and types 2 and 3,
which are characterized by a rapid flickering, very similar to
that observed in native CNG channels from vertebrate rods
(Sesti et al., 1994; Taylor and Baylor, 1995). At + 100 mV,
type 2 appears to have a lower conductance, whereas type 3
appears to have a higher conductance of at least 45 pS. All
three types of channels are blocked by L-cis-diltiazem in a
voltage-dependent way (see also Chen et al., 1993; Kor-
schen et al., 1995): at +100 mV, 50 ,uM L-cis-diltiazem
completely blocks channel openings, whereas at -100 mV
the same quantity of L-cis-diltiazem reduces channel open-
ings from 20 to 50%. The single-channel conductance of the
type 1 channel can be reliably estimated, unlike that of types
2 and 3.

In both types 2 and 3 channels, analysis of amplitude
histograms at +100 mV reveals the existence of a well-
resolved peak corresponding to the open state. At negative
voltages, even at -200 mV, and at all cGMP concentrations
the amplitude histogram is very broad, and no distinct peaks
corresponding to the open and closed states can usually be
resolved. A very similar behavior has been described in
native CNG channels by Taylor and Baylor (1995) and
explained by a different gating at positive and negative
voltages, with a single channel conductance of 25 pS that is
very weakly voltage dependent. However, the data pre-
sented in this paper suggest another possible explanation.
The analysis of current fluctuations does not indicate any
significant difference in the gating of these two channels at
-100 and +100 mV (see Fig. 11), at least within a band-
width of up to 10 kHz. The data presented in this paper
suggest that CNG channels of types 2 and 3 may have
several distinct conductive levels, similar to those observed
in type 1. In this view, the fast flickering observed at
negative voltages in types 2 and 3 and in native CNG
channels is primarily caused by rapid transitions between
the closed state and various open states with a different
conductance. In contrast, at positive potentials, when there
is only one open state or open states with a very similar
conductance, the flickering appears to be less prominent.
The existence of different types of channels obtained

from the coexpression of the a and 3 subunits is likely to be
caused by a different stoichiometry in which subunits coas-
semble. However, channels formed by the same number and
type of subunits may have different properties because of a
different spatial arrangement of subunits within the pore
(Liu et al., 1996; Varnum and Zagotta, 1996).

Native CNG channels and heteromeric
CNG channels

Single-channel properties obtained by the coexpression of
subunits are heterogeneous and may have different single-
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the a and 0 subunits appear to be very similar to those
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observed in native CNG channels. The power spectrum of
current fluctuations observed in types 2 and 3 channels (see
Fig. 11) extends up to 10 kHz, like the one measured in
native channels (Sesti et al., 1994). Current recordings and
amplitude histograms of type 2 channel (see Fig. 3) are very
similar to those reported by Taylor and Baylor (1995) in
some single-channel recordings from outer segments of the
tiger salamander.
The present analysis of CNG channels obtained by the

coexpression of the a and ,3 subunits indicates the existence
of heterogeneous channels, in agreement with a recent re-
port by Karpen and Brown (1996) on native channels. It is
not known to what extent types 1 and 3 channels are found
in native photoreceptors. However, the heterogeneity of the
native CNG channel is also supported by the different
single-channel conductance estimates reported in the liter-
ature: in an analysis of multiple channel patches, Sesti et al.
(1994) obtained an estimate of about 50 pS for the single-
channel conductance, similar to that observed in type 3
channel at positive voltages. In their analysis of three single-
channel patches, Taylor and Baylor (1995) reported a lower
value of 25 pS, consistent with what observed in type 2
channel. However, these estimates of the single-channel
conductance in native CNG channels were obtained by
assuming that the CNG channels were homogeneous and
had only one open conductive state. It is evident from the
results reported in this paper that these hypotheses are not
verified and that these estimates must be taken with caution.
Substates with a different conductance have already been
reported in CNG channels (Yau and Baylor, 1989; Taylor
and Baylor, 1995). These substates were primarily de-
scribed at positive voltages, but at these voltages no sub-
states could be reliably observed in the present analysis.

Electrical recordings from patches excised from rod outer
segments containing a single native CNG channel are ex-
tremely rare, and only three such recordings have been
described so far (see Taylor and Baylor, 1995). When
patches are excised from rod inner segments (Matthews and
Watanabe, 1988; Sesti et al., 1994), single-channel record-
ings are less difficult to obtain. In contrast, it is rather easy
to obtain recordings from single-channel patches from oo-
cytes coinjected with the a and f subunits. In addition, the
membrane of oocytes is much more robust than that of
native photoreceptors, and stable recordings can be ob-
tained, even in the presence of very large voltages (up to
200 mV), without affecting the membrane integrity. As a
consequence, some properties of native CNG channels can
be more reliably studied in oocytes coinjected with the a
and (3 subunits.

Coupling of gating and pore region in
CNG channels

As shown in Fig. 13, at 21°C, the open probability in the
presence of a saturating cGMP concentration (i.e., 1000

mutants E363D, T364M, and E363G, respectively. Given
the open probability, we can obtain the change of free
energy /Gopen associated with channel opening. In the
presence of a saturating cGMP concentration, i.e., when the
CNG channel is fully liganded, the transition between the
closed and open states does not imply any large change in
the Gibbs free energy AGopen in mutants E363D and T364M,
whereas a clear decrease in the w.t. channel and a large
increase in mutant E363G are observed. The dependence of
the open probability on temperature makes it possible to
obtain the enthalpic and entropic contributions of the con-
formational change leading to channel opening. The data
shown in Table 1 indicate that the transition between the
fully liganded state and the open state is thermodynamically
favorable for the w.t., but not for mutant E363G. These data
also show that in mutants E363D, T364M, and E363G the
transition to the open state is associated with a decrease in
entropy; therefore in these channels a significant entropic
barrier has to be crossed during channel opening, i.e., the
open state is more ordered than the closed state. These
results strongly suggest that the putative pore region is an
essential part of the gating structure, but a microscopic
interpretation of these thermodynamical measurements is
difficult without more direct structural information. Gluta-
mate 363 is thought to be an external binding site (Root and
MacKinnon, 1993) located at the narrowest section of the
pore of the w.t. channel (Bucossi et al., 1996). As a conse-
quence, the results reported in Fig. 13 indicate that point
mutations in the pore region, near the extracellular side,
profoundly alter the gating of the channel and change its
thermodynamic properties.

These results show that fundamental properties of the
gating are controlled by amino acids near the extracellular
side of the pore, suggesting that the pore itself is part of the
gate. These results also provide additional support to two
recent reports, suggesting that the gate of CNG channels is
within the pore and that the closing and opening of the CNG
channel are associated with conformational changes of the
molecular structure within the pore (Sun et al., 1996; Bu-
cossi et al., 1996), further suggesting that the pore region is
not rigid, but may exist in different configurations.

The structure of the pore of CNG channels

The existence of distinct open states in homomeric CNG
channels, the flickering behavior in heteromeric CNG chan-
nels, and the coupling between gating and residues in the
pore region suggest, but do not prove, that the inner core of
the pore in CNG channels is not a rigid structure. In this
view, the flickering behavior observed in heteromeric chan-
nels is caused by very rapid transitions between distinct
open states with a different conductance. As the flickering
behavior is also observed in the presence of an extracellular
pH of 9.1 (see Fig. 10), these distinct open states are not
caused by a rapid protonation and deprotonation of nega-

,uM) is about 0.78, 0.47, 0.5, and 0.007 for the w.t. and
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tively charged residues, but are likely to be associated with
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different molecular configurations of the pore. This behav-
ior of CNG channels is also in agreement with the coupling
of the gating and residues in the pore region.
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