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Electrophysiological studies were conducted on the cloned plant cyclic nucleotide-gated ion channels AtCNGC2 and
AtCNGC1 from Arabidopsis, and NtCBP4 from tobacco (Nicotiana tobacum). The nucleotide coding sequences for these
proteins were expressed in Xenopus laevis oocytes or HEK 293 cells. Channel characteristics were evaluated using voltage
clamp analysis of currents in the presence of cAMP. AtCNGC2 was demonstrated to conduct K� and other monovalent
cations, but exclude Na�; this conductivity profile is unique for any ion channel not possessing the amino acid sequence
found in the selectivity filter of K�-selective ion channels. Application of cAMP evoked currents in membrane patches of
oocytes injected with AtCNGC2 cRNA. Direct activation of the channel by cyclic nucleotide, demonstrated by application
of cyclic nucleotide to patches of membranes expressing such channels, is a hallmark characteristic of this ion channel family.
Voltage clamp studies (two-electrode configuration) demonstrated that AtCNGC1 and NtCBP4 are also cyclic nucleotide-
gated channels. Addition of a lipophilic analog of cAMP to the perfusion bath of oocytes injected with NtCBP4 and
AtCNGC1 cRNAs induced inward rectified, noninactivating K� currents.

Cyclic nucleotide-gated nonselective cation chan-
nels (cngcs) represent a newly identified family of
plant ion transport proteins (Köhler et al., 1999; Leng
et al., 1999). This putative family of plant ion chan-
nels shares deduced secondary and tertiary struc-
tural homology with a diverse family of cngcs cloned
and characterized from animal systems (Zagotta and
Siegelbaum, 1996). However, primary amino acid se-
quence homology between this family of plant pro-
teins and their presumed animal homologs is not
very great (approximately 22%; Leng et al., 1999).

Animal cngcs are primarily, but not in all cases
(Lee et al., 2001), expressed in sensory neurons and
function in signal transduction systems. However,
cngcs have been detected in cell types other than
sensory receptor neurons, and have been cloned from
a number of different tissue types in animals (Biel et
al., 1999b; Finn et al., 1996; Lang et al., 2000), sug-
gesting that their role in multicellular organisms may
be more diverse than originally thought. Animal
cngcs are characterized by the following functional
parameters: They are not, or only weakly, voltage
gated; they are activated by direct binding of cyclic

nucleotide (cAMP and cGMP); they are selective for
cations but do not discriminate between conductance
of cations such as Ca2�, Na�, and K�; their activation
by cyclic nucleotides is blocked by calmodulin; and
they show varying degrees of conductance rectifica-
tion (Zagotta and Siegelbaum, 1996). It is interesting
that their relative conductance of specific cations,
their relative activation by cAMP versus cGMP, and
the extent of their conductance rectification are typ-
ically related to the specific role they play in a diverse
number of signal transduction pathways and, in ad-
dition, other physiological processes in animals.

Genome sequence analysis suggests that at least in
Arabidopsis, this group of proteins may contain the
greatest number (20) of individual members of any
plant ion channel family (Maser et al., 2001); the Glu
receptor family of putative plant ion channels (La-
combe et al., 2001) may also have 20 members. How-
ever, the diverse range of roles they play in plant
function is only currently being elucidated. Initial
reports suggested a role (similar to that of animal
cngcs) in signal transduction. Clough et al. (2000)
found that Arabidopsis plants with a mutation in the
gene (dnd1) encoding the plant cngc AtCNGC2 did
not display a hypersensitive response (apoptosis)
upon pathogen infection. Other work (Köhler et al.,
2001) supports the conclusion of Clough et al. (2000)
that AtCNGC2 may play a general role in pro-
grammed cell death. Demonstration of protein-
protein interactions between plant cngcs and the cy-
tosolic secondary signaling molecule calmodulin
(Schuurink et al., 1998; Arazi et al., 2000; Köhler and
Neuhaus, 2000), and a functional interaction between
plant cngcs and the cytosolic secondary messengers
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Ca2�, cAMP, and cGMP (Leng et al., 1999), further
supported a role for these channels in plant signal
transduction pathways. However, current work in a
number of laboratories (Sunkar et al., 2000; Maathuis
and Sanders, 2001; White, 2001; I.N. Talke, N.
Bouche, D. Bouchez, H. Fromm, D. Sanders, and
F.J.M. Maathuis, personal communication; C.W.M.
Chan, J.F. Harper, and M.R. Sussman, personal com-
munication3) has presented preliminary evidence
that cngcs may provide a physiologically significant
pathway for cation uptake from the rhizosphere.
These studies suggest that, in this role, some individ-
ual cngcs may impact plant response to soil salinity
and heavy metals. Thus, an evolving picture has
emerged that indicates that cngcs may be involved,
in manners not yet characterized, in a broad array of
mechanisms impacting plant growth, development,
and response to environmental stresses.

Despite the paucity of information about the spe-
cific roles cngcs play in plant response to external
signals, growth, and development, even less is
known about the functional properties of plant cngcs.
Of the 20 individual members of the protein family,
only AtCNGC2 has been functionally characterized
as an ion channel (Leng et al., 1999). As is the case
with most ion channel proteins, the conductance and
regulatory parameters of plant cngcs may be related
to their physiological roles in planta. An important
research imperative, therefore, is the expression of
cloned plant cngcs in heterologous systems, which
allow for electrophysiological analysis of the recom-
binant proteins. In this report, our previous initial
voltage clamp analysis of the plant cngc AtCNGC2
(Leng et al., 1999) is extended, and preliminary evi-
dence is presented documenting the channel charac-
teristics of some other members of this protein
family.

RESULTS AND DISCUSSION

Cation Selectivity

Prior work from this laboratory (Leng et al.,
1999) provided initial functional characterization of
AtCNGC2 as a ligand (cyclic nucleotide)-gated ion
channel by expression of the protein in Xenopus laevis
oocytes. Two-electrode voltage clamp recordings of
oocytes injected with AtCNGC2 cRNA displayed
(cAMP and cGMP dependent) maximal K� (96 mm
bath [KCl]) currents of approximately 1-�A ampli-
tude at hyperpolarizing (�160 mV) command volt-
ages. In the experiment shown in Figure 1, similar
cAMP-dependent K� currents were observed. In ad-
dition, AtCNGC2 was found to conduct other mono-
valent cations (Li�, Cs�, and Rb�) to an extent nearly

as great as K� (in the presence of cAMP), whereas
Na� currents were much lower. cAMP-dependent
Na� currents recorded from oocytes injected with
AtCNGC2 cRNA were not much greater than those
recorded from water-injected oocytes. Relative con-
ductivity of a recombinant channel expressed in oo-
cytes can only be estimated when recordings are
made in the two-electrode configuration; the volume
of the oocyte is too large to allow for equilibration
with the contents of the electrode pipette solution, so
only the cation concentrations outside the oocyte can
be known with certainty. However, we estimated
relative permeability of AtCNGC2 to monovalent
cations in the experiment shown in Figure 1 follow-
ing the approach used by Schachtman et al. (1992).
Using this approach (current values used were mea-
sured at the end of a 1.6-s pulse at a command
potential of �160 mV), relative conductance values
(K� is 100, measured on 11 oocytes) are (values given
as means � se followed by oocyte number): Na�,
10 � 5 (8); Cs�, 64 � 16 (7); Rb�, 56 � 126); and Li�,
62 � 14(4). Using this same approach, the relative
permeability of the K�-selective channel KAT1 for
Na� was calculated by Schachtman et al. (1992) to be
7 � 8; a value not significantly different from the
relative Na� permeability we calculate here for AtC-
NGC2. Considering that the K� content of oocytes is
typically at least 10-fold greater than the ambient
Na� content (Weber, 1999), the relative Na� perme-
ability calculated from these values is certainly an
overestimation. With respect to the strong selectivity

3 Personal communications refer to presentations by these
research groups at the 12th International Workshop on Plant
Membrane Biology held August 11–16, 2001, at the University of
Wisconsin-Madison, USA.

Figure 1. Current/voltage relationship of AtCNGC2 currents re-
corded from oocytes (two-electrode configuration) with a range of
monovalent cations in the perfusion bath. All currents (except for the
control) are presented as leak subtracted recordings. Command volt-
ages were applied in 20-mV steps between �60 and �160 mV. For
each monovalent cation shown, currents were recorded with a bath
solution lacking dibutyryl-cAMP. cAMP-activated currents were re-
corded after 40 min perfusion with dibutyryl-cAMP. In each case, the
leak current was subtracted from the cAMP-activated current, yield-
ing the current values shown at each command voltage tested. The
control treatment was recorded with KCl and dibutyryl-cAMP in the
bath. Current values are presented as means (n � 6 [control], 11
[K�], 8 [Na�], 7 [Cs�], 6 [Rb�], and 4 [Li�]) � SE.
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shown for K� over Na� conductance, the channel
properties of AtCNGC2 are unlike any known cyclic
nucleotide-gated channels cloned to date. As men-
tioned previously, the animal cngcs cloned and func-
tionally characterized using voltage clamp analysis
do not discriminate between Na� and K�.

The amino acid sequence of the channel pore re-
gion and the helix of the flanking S6 membrane-
spanning region for a number of K� channels, animal
cngcs, and plant cngcs is portrayed in Figure 2. K�-
selective channels have the amino acid triplet “GYG”
motif in the selectivity filter within the ion-
conducting pore of the channel (Fig. 2); this has been
demonstrated to be the basis for the strong discrim-
ination against Na� conduction by these channels
(Heginbotham et al., 1994; Doyle et al., 1998). Anal-
ysis of the deduced amino acid sequences of cloned
animal cngcs has noted that this critical GYG motif
within the selectivity filter of the pore is absent, and
that this is the likely basis for Na� conduction by
cngcs (Finn et al., 1996; Zagotta and Siegelbaum,
1996). Although AtCNGC2 lacks the GYG triplet
within the selectivity filter also, the amino acids
within this pore motif of AtCNGC2 differ from the
corresponding amino acid triplet of animal cngcs
(Fig. 2). It also should be noted that the amino acid
residues within the selectivity filter of AtCNGC2 also
differ from the corresponding residues presumed to
form the selectivity filters of all other plant cngcs
identified to date (i.e. the 20 Arabidopsis sequences,
the two known tobacco [Nicotiana tobacum] se-
quences, and the barley [Hordeum vulgare] clone; Ma-
ser et al., 2001; also see Figure 2).

Further evidence supporting the strong discrimina-
tion against Na� conduction by AtCNGC2 is pre-
sented in Figure 3. AtCNGC2 currents were studied

using a second heterologous expression system, i.e.
HEK 293 cells. We previously have used Fura-2
flourescence measurements to document Ca2� up-
take by HEK cells expressing AtCNGC2 (Leng et al.,
1999). Results presented in Figure 3 provide docu-
mentation that HEK cells are another appropriate
system for voltage clamp analysis of a plant cngc,
and that cells transfected with the AtCNGC2 cDNA
show strong selectivity for K� over Na� conduc-
tance. cAMP-dependent AtCNGC2 K� currents were
found to be inwardly rectified (Fig. 3A) and nonin-
activating (see Fig. 3A insert). Selectivity for K� over
Na� conductance by AtCNGC2 appears to be stron-
ger when measured using HEK cells as an expression
system than we measure using oocytes (Fig. 1). There
was no significant difference in conductance of Na�

by HEK cells transfected with the AtCNGC2 cDNA
in the absence (i.e. leak currents) or presence of
cAMP (Fig. 3A), or between HEK cells expressing
AtCNGC2 and those transfected with just the CD-8
plasmid (i.e. endogenous HEK currents) in the pres-
ence of cAMP (n � 6 in all cases; data not shown). A
more detailed analysis of Na� currents from these
experiments is presented in Figure 3B. Representa-
tive time-dependent Na� currents recorded from
HEK cells transfected with the AtCNGC2 cDNA, or
just the CD-8 plasmid (“endogenous currents”), are
shown in Figure 3B with an expanded current scale.
There appears to be an endogenous, fast-inactivating
inward current that can be recorded from native HEK
membranes (right side of Fig. 3B) that may increase
slightly in the presence of cAMP. Recordings from a
cell transfected with the AtCNGC2 cDNA are similar
in the presence or absence of perfusion bath
dibutyryl-cAMP (left side of Fig. 3B). Thus, we con-
clude that AtCNGC2 is the first cloned (from either

Figure 2. Amino acid sequence in and near the pore region of K�-selective channels and cyclic nucleotide-gated channels.
The plant cngcs used in the experiments described in this report are shown, along with the bovine retinal (BRET) and
olfactory (BOLF) cngcs (accession nos. X51604 and X55010, respectively), the plant K� channels AKT1 and KAT1 (accession
nos. X62907 and U25088, respectively), and the K� channel KcsA (accession no. Z37969) are included in this alignment.
The pore helix and selectivity filter of the pore region, along with the flanking helix of the S6 (or “inner helix” in the case
of KcsA) membrane-spanning region of the channels are shown. The selectivity filter of the K� channels and corresponding
amino acids of the cngcs are boxed. The Glu residue (within the selectivity filter) responsible for external Ca2� block of
animal cngcs (see text) is denoted with an asterisk, as is the Glu near this position in the pore region of AtCNGC2. Amino
acid sequence similarity shared by the channels included in this alignment analysis is denoted by shading.
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plants or animals) K�-conducting ion channel (of any
family) that displays strong selectivity against Na�

without the presence of the “GYG” triplet in the
selectivity filter of the pore domain.

Channel Characterization

Cyclic nucleotide-gated channels are defined func-
tionally as ligand-gated channels that are activated

by ligand (cAMP or cGMP) binding to the channel
protein. Conductance facilitated by some plant
(Hoshi, 1995) and animal (Bruggemann et al., 1993)
voltage-gated K� channels is also affected by cyclic
nucleotides, but in a different manner. In this case,
the rectified conductance of channels is activated by
voltage, but direct binding of cyclic nucleotide to the
protein modulates the voltage-current relationship.
The K�-selective, voltage-gated channels KAT1,
AKT1, and KST1, plant homologs of animal (“Shak-
er”) K� channels, have cyclic nucleotide-binding sites
(Anderson et al., 1992; Sentenac et al., 1992; Mueller-
Roeber et al., 1995), as is the case with AtCNGC2.
However, these channels are structurally and func-
tionally distinct from cngcs. Binding of cyclic nucle-
otide to this class of plant channels results in a re-
duction of current at a given voltage, but voltage is
the primary determinant of conductance (Hoshi,
1995). Cytosolic cyclic nucleotides are also known to
modulate the conductance of other classes of K�-
selective channels, but in an indirect fashion (Zagotta
and Siegelbaum, 1996), through cyclic nucleotide-
dependent protein kinase phosphorylation of the
channel, which alters channel conductance (Wang
and Giebisch, 1991; Rudy et al., 1991). K� currents
across some native plant cell membranes are, in fact,
modulated by cAMP-dependent protein kinase phos-
phorylation of the channel (Li et al., 1994).

Further evidence that AtCNGC2 is a plant cngc is
presented in Figure 4. We have demonstrated thus
far (Figs. 1 and 3; also see Leng et al., 1999) that when
a lipophilic analog (dibutyryl-cAMP or cGMP) of a
cyclic nucleotide is added to the perfusion bath,
whole-cell recordings of HEK cells or two-electrode
voltage clamp recordings from intact oocytes ex-
pressing the AtCNGC2 coding sequence showed in-
creased amplitude of inward K� currents. In these
experiments, the possibility that cyclic nucleotide ac-
tivation of the channel is indirect (e.g. via channel
phosphorylation mediated by a cyclic nucleotide-
dependent kinase) cannot be discounted. The exper-
iments shown in Figure 4 address this possibility.
These recordings were made from (inside-out)
patches pulled from oocytes injected with AtCNGC2
cRNA. In this configuration, the lipophilic form of
the cyclic nucleotide is not required for activation;
cAMP added to the perfusion bath can reach the
cyclic nucleotide binding site of the channel without
diffusing through the cell membrane. Because these
recordings are made from membrane patches, the
cytosolic contents of the cell are absent; therefore, the
effect of cAMP on the channel cannot be attributed to
cytosolic signaling systems such as kinase-dependent
phosphorylation. When a membrane patch is
clamped at 0 mV, and then exposed to a 60-mV step
potential in the absence of cAMP, no channel cur-
rents are evoked (Fig. 4A). When the same membrane
patch is exposed to the 60-mV step potential while
cAMP is present in the perfusion bath solution, K�

Figure 3. Current-voltage relationship of AtCNGC2 currents re-
corded from HEK cells (whole-cell configuration) with 145 mM K� or
Na� in the perfusion bath, in the presence and absence of dibutyryl-
cAMP. Command voltages were applied in 20-mV steps between
�40 and �140 mV. The currents recorded in the presence of cAMP
are presented in this figure without leak subtraction, i.e. separate
current values are shown for K� or Na� in the presence and absence
of cAMP. The control treatment shown in Figure 3A is the K� current
measured from HEK cells that were not transfected with AtCNGC2
recorded in the presence of cAMP. A, Current/voltage relation gen-
erated under the varying treatments at a range of command voltages;
results are presented as means (n � 6) � SE. The insert shows
representative time-dependent currents for HEK cells expressing AtC-
NGC2 in the presence of cAMP and either K� or Na� in the bath
solution. B, Time-dependent Na� currents presented with an ex-
panded scale. Representative currents are shown for HEK cells that
were not transfected with the AtCNGC2 cDNA (endogenous cur-
rents) and for cells expressing AtCNGC2 in the presence and absence
of dibutyryl-cAMP.
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currents are evident (Fig. 4B). A portion of the re-
cording shown in Figure 4B is shown in an expanded
scale in Figure 4C. The expanded scale presentation
in Figure 4C shows several discreet channel-opening
events; the current evoked by application of cAMP to
the patch was generated from the opening of four to
five individual channels during the time period
shown in Figure 4B. Determination of single channel
conductance of an ion channel is properly under-
taken by evaluation of current amplitude histograms
of single channel currents recorded from membrane
patches clamped at a range of voltages. The experi-
ments shown in Figure 4 were undertaken at a single
current-evoking voltage (i.e. 60 mV). Therefore, we
can only determine a preliminary estimation of AtC-
NGC2 single channel conductance from these data.
The single channel conductance of AtCNGC2 calcu-
lated from the data presented in Figure 4 is approx-

imately 4 pS (�60 mV, 130 mm K�). This estimated
single channel conductance is substantially lower
than that measured for animal cngcs (approximately
20–25 pS, see Torre and Menini, 1994; Lee et al.,
2001).

AtCNGC2 current recordings obtained from an-
other oocyte membrane patch are shown in Figure
4D. In this case, a 60-mV potential gradient was
imposed across the membrane during the entire
time course. During this time course (as indicated),
cAMP was applied to the patch, and then the patch
was again perfused with bath solution lacking
cAMP. In this case, current was generated across the
patch only during the application of cAMP. The
results shown in Figure 4, therefore, provide evi-
dence consistent with the presence of cngcs in the
membrane of oocytes injected with AtCNGC2
cRNA. Currents were evoked by the application of
cAMP in the absence of the cytosolic factors, which
could be present within the intact cell (HEK or
oocyte). These data support the contention that
cAMP activation of AtCNGC2 currents is a direct
effect of the ligand binding to the channel.

Another common attribute of (most) cyclic
nucleotide-gated channels in animal membranes is
that they both conduct, and are blocked by Ca�

external to the cell (Biel et al., 1999a). A single Glu
residue within the selectivity filter (see Fig. 2) has
been shown to be involved in the Ca� block; muta-
tion of this Glu to a neutral residue reduces sensitiv-
ity of cngcs such as the bovine rod channel (CNG1) to
extracellular Ca� by two orders of magnitude (Root
and MacKinnon, 1993; Eismann et al., 1994). The pore
of AtCNGC2 contains a Glu residue (E419), whereas
many of the other Arabidopsis cngcs do not (Köhler
et al., 1999; Maser et al., 2001; also see Fig. 2). Prior
work from this laboratory (Leng et al., 1999) has
demonstrated Ca2� conductance by AtCNGC2. Re-
sults presented in Figure 5 demonstrate that, in ad-
dition to being permeable to Ca2�, AtCNGC2 cur-
rents are blocked by external Ca2�. When bath [Ca2�]
is increased from 1.8 to 9 mm (bath [K�] was 96 mm
in both cases), total current through AtCNGC2 is
reduced.

Block by external Ca2� of animal cngcs has been
shown to be voltage dependent, and therefore con-
tributes to rectification of these channels (Eismann et
al., 1994; Seifert et al., 1999). Effects of external Ca2�

on this family of channels is thought to be one factor
that contributes to their physiological role in differ-
ent cell types of animals (Zagotta and Siegelbaum,
1996). In this context, it is interesting to note that the
external block of AtCNGC2 currents at high external
Ca2� was associated with a shift in the reversal po-
tential to a more negative value (Fig. 5A). Tail current
analysis (tail currents are evident in the representa-
tive time-dependent recordings shown in Fig. 5B) of
the data presented in Figure 5 indicate that the re-
versal potential at 1.8 mm bath Ca2� (�54 � 11 mV;

Figure 4. K� currents recorded (inside-out patch configuration) in
the presence and absence of cAMP from membranes of oocytes
expressing AtCNGC2. Currents shown in A and B are from the same
patch. The bar at the top indicates the patch was held at 0 mV, and
a 60-mV step voltage was applied as indicated for the recordings
shown in A and B. Currents shown in A were obtained in the absence
of cAMP, and the recording shown in B is from the same patch after
perfusion with bath solution containing cAMP. The current tracing in
C is a portion of the recording in B presented with an expanded scale.
The current tracing in D is from a different patch, which was held at
60-mV command potential during the time course of the recording.
The bars above the current trace indicate time periods when cAMP
was absent, or applied to the bath solution.
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n � 7) shifted to �92 � 13 mV (n � 6) at 9 mm Ca2�.
This shift in reversal potential at high external Ca2�

may be because of a voltage dependence of the Ca2�

block of AtCNGC2 currents. Increasing external
[Ca2�] has also been shown to shift the reversal po-
tential of (current carried by K� and Ca2�) a cloned
animal cngc expressed in oocytes (Eismann et al.,
1994). The block by external Ca2� appears to be as-
sociated with an increase in the time constant for
channel activation (Fig. 5B). Increasing bath [Ca2�] to
9 mm increased the half time for channel activation
(�); in the experiment shown in Figure 5, � increased
from 119 � 14 ms (n � 7) at low bath Ca2�, to 333 �
23 ms (n � 6) at high bath Ca2�. The presence of a
Glu in the pore region of AtCNGC2 that is not
present in the pore of AtCNGC1 and NtCBP4 (Fig. 2)
and other plant cngcs (Köhler et al., 1999; Maser et
al., 2001) raises the intriguing possibility that external
Ca2� may affect plant cngcs differently; keeping one
channel (i.e. AtCNGC2) closed, whereas others re-
main open at some hyperpolarizing membrane po-

tentials. This point will be the focus of our future
studies.

Functional Expression of Other cngcs

�-Subunits (pore-forming) of voltage-gated
inward-rectified, K�-selective proteins with six
membrane-spanning domains, a pore, and a voltage
sensor (“Shaker” homologs) were the first ion chan-
nels to be cloned from plants (Anderson et al., 1992;
Sentenac et al., 1992). Some members of this ion
channel family were able to be functionally ex-
pressed in heterologous systems such as X. laevis
oocytes, allowing for voltage clamp analysis of their
channel properties (e.g. Schachtman et al., 1992;
Mueller-Roeber et al., 1995), whereas others were
more recalcitrant and failed to express in oocytes
(Schachtman, 2000). It appears that this may be the
case with plant cngcs. In our hands, AtCNGC2 has
not readily expressed well in oocytes. Other research-
ers have communicated similar observations. The re-
calcitrance of AtCNGC2 expression (and expression
of other plant cngcs) in oocytes may be caused by
toxic effects of plant cngc expression on oocyte vital-
ity. The following observations (in all cases, data not
shown, or anecdotal observations) are consistent
with this speculation. We have found that when the
physiological vitality of oocytes is not optimal, ex-
pression of AtCNGC2 is compromised. Oocyte qual-
ity and frog growth conditions (adding salt to the
frog tanks) are critical. When we see low (approxi-
mately 1–2 �A maximal) KAT1 currents (for exam-
ple, during the summer months), we typically get no
AtCNGC2 expression. Expression level of plant cngcs
in oocytes is quite variable, and is often times much
lower (and requires more days of incubation) than
that obtained with either KAT1 or the animal cngc
rCNGC1 (accession no. U48803; we used KAT1 and
rCNGC1 routinely as controls). Oocytes injected with
plant cngcs begin to die just after expression starts,
whereas the same oocyte preparations injected with
KAT1 or rCNGC1 stay healthy for weeks. The basis
for this may be that plant cngcs may leak current
during oocyte incubation, perhaps causing K� efflux
or Ca2� influx; either condition would be toxic over
the many days of incubation. Oocyte mortality upon
plant cngc expression may be reduced by replacing
some of the incubation medium Na� with K�, or by
lowering the medium Ca2� (adding the Ca2� channel
blocker l-cis-diltiazem or replacing one-half of the
Na� with K� decreased mortality in one preliminary
study). Induction of plant cngc currents in oocytes by
application of lipophilic cyclic nucleotides sometimes
can take either a very long time (relative to the rou-
tine analysis of voltage-gated channels such as
KAT1), or possibly require higher than physiologically
relevant levels of perfusion bath (cAMP). However, it
should be noted that published reports of electrophys-
iological analysis of some animal cngcs (i.e. cloned

Figure 5. Calcium inhibition of (leak-subtracted) K� currents re-
corded in the two-electrode configuration from oocytes expressing
AtCNGC2. Command voltages were applied in 20-mV steps between
�60 and �160 mV. A, Leak-subtracted AtCNGC2 currents recorded
from oocytes in the presence of 96 mM K� and either the standard
(1.8 mM) Ca2� (black symbols) or high (9 mM) Ca2� (white symbols)
in the perfusion bath. Data are presented as means (n � 7 for 1.8 mM

Ca2�; n � 6 for 9 mM Ca2�) � SE. B, Representative time-dependent
AtCNGC2 currents recorded in the presence of high or low perfusion
bath Ca2�.
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channels expressed in HEK cells or X. laevis oocytes)
have also used millimolar or higher levels of cyclic
nucleotides to study channel currents (e.g. Yao et al.,
1995; Seifert et al., 1999; Crary et al., 2000; Rich et al.,
2000). Our initial studies of AtCNGC2 expressed in
HEK cells (e.g. Fig. 3; see also Leng et al., 1999) suggest
that expression is less toxic to this heterologous sys-
tem than oocytes. We have not yet evaluated the rel-
ative toxicity of other plant cngc channels in these
heterologous expression systems.

The above information is provided for other re-
searchers working with cloned plant cngcs, and as a
context for the data presented in Figures 6 and 7. As
mentioned above, recent studies have uncovered new
roles of plant cngcs, perhaps beyond that of signal
transduction. AtCNGC1, and a tobacco cngc, NtCBP4,
may be involved in Ca2� and/or K� uptake from the
soil. In this role, they may provide a pathway for
deleterious heavy metal (Pb2�) or Na� uptake. Under-
standing the role plant cngcs play in plant growth and
development could be aided by characterization of
their molecular properties. Prior work from this lab
(Leng et al., 1999) is the only published characteriza-
tion to date of a plant cDNA (i.e. AtCNGC2) as a cyclic
nucleotide-gated channel. Other cDNAs encoding
protein homologs of AtCNGC2 have not been yet
characterized as ligand-gated channels. Results pre-
sented in Figures 6 and 7 extend our electrophysiolog-
ical analysis of plant cngcs to NtCBP4 and AtCNGC1.
Our routine screens of plant cngc expression in oo-
cytes have routinely failed to demonstrate expression
of these channels. We have observed no inward K�

currents in an oocyte expressing one (AtCNGC1) of
these channels at low (100 �m) [cAMP], whereas in-
creasing bath cAMP up to the mm range did induce
currents in the same oocyte (data not shown). When
higher perfusion bath cAMP concentrations are used
(as compared with those used to evaluate AtCNGC2
currents), along with longer incubation times (postap-
plication of cyclic nucleotide), we have observed re-
peatable induction of inward K� currents in oocytes

Figure 6. Electrophysiological characterization of a tobacco cyclic
nucleotide-gated channel (“NtCBP4”) expressed in oocytes. All re-
cordings were made in the two-electrode configuration, and are
presented without leak subtraction. Command voltages were applied
in 20-mV steps between �60 and �160 mV. In all cases, [dibutyryl-
cAMP] was 5 mM, and the standard oocyte bath solution was used
(i.e. with 96 mM K�). A, Current-voltage relationship of NtCBP4
currents. NtCBP4 showed no (inward) currents before addition of
dibutyryl-cAMP to the perfusion bath solution (Œ). After application
of dibutyryl cAMP to the perfusion bath, currents were monitored
over 20-min intervals (data not shown), and reached maximum
values by (approximately) 60 min (F) in this experiment. Water-
injected oocytes displayed no inward currents after exposure to

dibutyryl-cAMP for 60 min (E). Results are presented as means (n �
4) � SE. The insert shows representative time-dependent currents
recorded from oocytes expressing NtCBP4 before (bottom of insert)
and 60 min after addition of dibutyryl cAMP (top of insert). B,
Increase of cAMP-activated NtCBP4 currents over time. Time-
dependent current recordings are shown for two oocytes expressing
NtCBP4. In one case (cell 1), current is shown to be greater at 60 min
than that recorded after 30-min incubation in perfusion bath solution
containing dibutyryl-cAMP. In the case of the second cell, noticeable
currents were recorded only after 100 min incubation in dibutyryl-
cAMP; these currents were substantially lower than those recorded
from cell one, however. C, Reversal of cAMP activation of plant cngc
currents. The top time-dependent currents were recorded from an
oocyte expressing NtCBP4 before addition of dibutyryl-cAMP to the
perfusion bath solution. The middle current recordings were made 60
min after exposure of the oocyte to dibutyryl-cAMP. Shortly after
these currents were recorded, dibutyryl-cAMP was removed from the
perfusion bath solution; the recordings at the bottom of the figure
were made 30 min after removal of dibutyryl-cAMP.
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injected with NtCBP4 (Fig. 6) and AtCNGC1 (Fig. 7)
cRNA. In both cases, currents through these plant
cngcs are inward rectified and noninactivating (Figs. 6
and 7), as is the case with AtCNGC2 (Fig. 3). Currents
were evoked from oocytes expressing NtCBP4 and
AtCNGC1 after unusually long incubation times with
relatively high concentrations of bath lipophilic
cAMP. An example of these long induction times is
shown in Figure 6B. In one case, currents increased in
magnitude up to 1 h after application of cAMP; in
another, currents were noted after 100 min. As is the
case with AtCNGC2 (data not shown, but see also
data in Fig. 4D for patch configuration analysis of
AtCNGC2), currents through these channels are re-
versibly induced by exposure to cyclic nucleotide;
removal of cAMP from the perfusion bath reversed
the activation of NtCBP4 (Fig. 6C). Water-injected
oocytes evoked no measurable current over the long
incubation periods required to activate NtCBP4 and
AtCNGC1 (Figs. 6A and 7). It should be noted that
AtCNGC2 also requires substantial exposure times to
(lipophilic) cAMP before current activation, when
measured in either intact oocytes (Leng et al., 1999;
also Figs. 1 and 5) or HEK cells (Fig. 3). However, in
the patch configuration, current activation is imme-
diate (Fig. 4). Nonetheless, the data presented in
Figures 6 and 7 support the characterization of AtC-
NGC1 and NtCBP4 as plant cngcs. These channels

display similar properties as plant K�-selective chan-
nels such as KAT1, and the plant cngc AtCNGC2, in
that they are inward rectified, and show no inactiva-
tion over the time periods tested.

We have not evaluated AtCNGC1 or NtCBP4 for
conductance of ions other than K�, or examined the
activation of these channels by a range of cyclic nu-
cleotide concentrations. We have also not yet sub-
cloned the corresponding cDNAs into plasmids ap-
propriate for expression in HEK cells. It is clear that
the electrophysiological analysis of cloned plant
cngcs will be an important research objective for
facilitating their functional characterization. The
work presented in this report extends our prior stud-
ies (Leng et al., 1999) by expanding our understand-
ing of AtCNGC2 channel properties, and by present-
ing the first functional analysis that characterizes
homologous plant cDNAs as also encoding cyclic
nucleotide-gated cation channels.

MATERIALS AND METHODS

Cloning and DNA Manipulation

GenBank accession numbers for the cDNAs encoding
plant cngcs used in this study are: AF079872, NtCBP4;
Y16327, AtCNGC1; and AF067798, AtCNGC2. The cDNA
encoding the tobacco (Nicotiana tobacum) NtCBP4 gene
(Arazi et al. 1999, 2000) was prepared for expression in
Xenopus laevis oocytes as follows. The coding region was
amplified by PCR using gene-specific sense and antisense
oligonucleotide primers, and cloned into the EcoRI-XhoI
sites of a pEXO expression vector (Lingueglia et al., 1993).
Orientation and sequence of the cloned amplified fragment
were verified by sequencing. Methylated, capped, runoff
transcripts encoding sense cRNAs were generated from
NtCBP4 (and the Arabidopsis cDNAs encoding AtCNGC1
and AtCNGC2) using the Epicentre AmpliScribe Transcrip-
tion Kit (Epicentre Technologies, Madison, WI). NtCBP4
cRNA was prepared using T7 RNA polymerase from NotI
digested pEXO-NtCBP4 plasmid DNA. The resultant puri-
fied sample was used directly for injection into oocytes (50
nL per oocyte containing 50 ng cRNA). Similar amounts of
the other cRNAs (prepared using the same transcription
kit) were also injected into oocytes. A cDNA encoding the
full-length AtCNGC1 coding sequence was prepared as fol-
lows. The coding region representing AtCNGC1 was ampli-
fied via PCR using an Arabidopsis single-stranded cDNA
library (Library-in-a-Tube, Bio 101, Vista, CA) and upstream
(containing an EcoRI site at 5� end) and downstream (con-
taining a NotI site at 5� end) primers spanning the start and
stop codons. The reaction was performed as described by
the vendor. The resultant PCR product was digested with
EcoRI and NotI and directionally subcloned into EcoRI-NotI-
digested pBluescript II SK� (Stratagene, La Jolla, CA). The
construct is labeled pBS-AtCNGC1. AtCNGC1 cRNA was
synthesized from XbaI-digested pBS-AtCNGC1 essentially
as described above. Protein encoded by the AtCNGC2
cDNA was expressed in oocytes as described previously
(Leng et al., 1999), except that the coding sequence was

Figure 7. Electrophysiological characterization of a putative Arabi-
dopsis cyclic nucleotide-gated channel (“AtCNGC1”) expressed in
oocytes. Command voltages were applied in 20-mV steps between
�60 and �160 mV. All recordings were made in the two-electrode
configuration, and are presented without leak subtraction. In all
cases, [dibutyryl-cAMP] was 5 mM, and the standard oocyte bath
solution was used (i.e. with 96 mM K�). AtCNGC1 showed no
(inward) currents before addition of dibutyryl-cAMP to the perfusion
bath solution (Œ). Currents were evident 3 h after addition of
dibutyryl-cAMP to the perfusion bath solution (F) in this experiment.
Water-injected oocytes displayed no inward currents after exposure
to dibutyryl-cAMP for 3 h (E). Results are presented as means (n �
4) � SE. The insert shows representative time-dependent currents
recorded from oocytes expressing AtCNGC1 before (bottom of insert)
and 3 h after addition of dibutyryl cAMP (top of insert).
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excised from the pZL plasmid and ligated into pGEM-HE.
The pGEM-HE plasmid contains untranslated regions of the
endogenous �-globulin protein of oocytes flanking the in-
sertion site; the cRNA generated from this plasmid will
contain the �-globulin untranslated regions, enhancing ex-
pression of the recombinant protein in oocytes (Liman et al.,
1992). The AtCNGC2 coding sequence was prepared for
expression in HEK cells by subcloning into the mammalian
expression vector pcDNA3.1 (Invitrogen, Carlsbad, CA); af-
ter excision from the pZL construct, the AtCNGC2 coding
sequence was ligated into the KpnI and XbaI restriction sites
of the pcDNA3.1 plasmid. Unless otherwise noted, standard
molecular biology procedures were performed for all DNA
and RNA manipulations (Ausubel et al., 1987). All plasmids
were verified by sequencing before utilization in any exper-
imental procedure.

Expression in HEK Cells

AtCNGC2 cDNA described above was expressed in the
human embryonic kidney cell line HEK 293 (American
Type Culture Collection, Rockville, MD) for voltage clamp
measurements following methods modified from that of
Immke et al. (1998). HEK cells were cultured in a CO2 (5%)
incubator (Napco, Winchester, VA) at 37°C in maintenance
medium (Dulbecco’s modified eagle medium [Gibco BRL,
Grand Island, NY] with 10% [w/v] fetal bovine serum
[Gibco] and 1% [w/v] penicillin/streptomycin added).
HEK cells were cotransfected with the pcDNA3.1 plasmid
(20 �g/0.2 mL) containing the AtCNGC2 coding sequence,
and a plasmid encoding the CD8 antigen (1 �g/0.2 mL) by
electroporation (Gene Pulser 2 electroporator, Bio-Rad,
Hercules, CA) at 75 �F and 366 V. After electroporation,
cells were plated on protamine (1 mg mL�1)-coated glass
cover slips submerged in maintenance medium and incu-
bated for 1 to 2 d before use for electrophysiological stud-
ies. On the day of recording, cells were washed with main-
tenance medium and incubated with M450 Dynabeads
conjugated with anti-CD8 antibody at 1 �L/2 mL (Dynal,
Oslo). Successful transfection was ascertained by the ad-
herence of Dynabeads to a cell (Jurman et al., 1994). These
cells were used for electrophysiological recordings in the
whole-cell configuration at room temperature. Recordings
were made with electrodes made from N51A glass pipettes
(Garner Glass Co., Claremont, CA), which were pulled on
a P87 instrument (Sutter, Novato, CA) and fire polished
using an MF83 heater (Narishige, East Meadow, NY). Per-
fusion bath and pipette solutions were modified from those
Rich et al. (2000) used for whole-cell voltage clamp analysis
of the olfactory cngc upon expression in HEK cells. Bath
solution contained 145 mm KCl (or NaCl as noted); 10 mm
HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid]-KOH (or NaOH when appropriate), pH 7.4; 10 mm
d-Glc, and 0.1 mm MgCl2. Pipettes were filled with 145 mm
N-methyl-d-glucamine; 10 mm HEPES-KOH, pH 7.4; and
0.5 mm MgCl2. Cells were perfused with bath solution
containing 100 �m dibutyryl-cAMP to activate channel cur-
rents. Voltage stimuli were generated and currents were
recorded using pClamp 8.04 software (Axon Instruments,

Foster City, CA), an Axopatch 200B amplifier (Axon), and
a Digidata 1320 analog/digital interface (Axon). Currents
were filtered at 1 kHz and a �60-mV holding potential was
used for all recordings. Data were analyzed with the
Clampfit component of pClamp and plotted using Sigma
Plot 3.0 software (SPSS Scientific, Chicago). Results are
presented as means � se.

Expression in Oocytes

Whole-cell and patch recordings were made of plant
cngcs after expression in X. laevis oocytes. Frog culture,
oocyte preparation, and channel expression in oocytes was
as described previously (Leng et al., 1999), except that 1 mL
volume L�1 of course sea salt and 0.25 mL L�1 of Stress Coat
(Aquarium Pharmaceuticals, Chalfont, PA) were added to
the water in frog tanks. Current recordings in the two-
electrode configuration were obtained with a GeneClamp
500 amplifier (Axon) and 1320 analog/digital interface, and
filtered at 2 kHz. The pipette and perfusion bath solutions
used for recording cngc currents have been used previously
to study KAT1 currents (Schachtman et al., 1992) and AtC-
NGC2 currents (Leng et al., 1999) upon expression in oo-
cytes. Pipettes were pulled from KIMAX-51 capillaries
(KIMBLE Products, Vineland, NJ) and filled with 3 m KCl
for use as electrodes. The bath solution contained 96 mm KCl
(or 96 mm chloride salts of other monovalent cations), 1.8
mm CaCl2, 1.8 mm MgCl2, and 10 mm HEPES-KOH (NaOH,
LiOH, or CsOH as appropriate, except N-methyl-d-
glucamine was used in the case of Rb�), pH 7.5, unless
otherwise noted. The bath solution was perfused at 2 mL
min�1 into the 1-mL oocyte chamber. Holding potential for
two-electrode recordings was �60 mV in all cases, and
currents were evoked by adding 100 �m (or other concen-
trations as noted) of a lipophilic analog of cAMP (dibutyryl-
cAMP) to the perfusion bath solution. cngc currents typi-
cally were recorded in the two-electrode configuration from
whole oocytes just before, and then after exposure of the
oocyte to (lipophilic) cAMP for approximately 40 min; in
some cases (as noted), exposure times were longer. In some
experiments, AtCNGC2 currents were recorded from inside-
out membrane patches pulled from oocytes. In this case, the
bath and pipette solutions contained 130 mm KCl, 0.2 mm
EDTA, and 2 mm HEPES-KOH, pH 7.2. For patch record-
ings, voltage stimuli were generated and currents were re-
corded using pClamp 8.04 software, an Axopatch 200B am-
plifier, and a Digidata 1320 analog/digital interface.
Currents were evoked by adding 100 �m cAMP to the bath
solution with a gravity-driven, multibarrel perfusion sys-
tem. In all cases, reagents and chemicals were purchased
from Sigma Chemical Co. (St. Louis), unless otherwise
noted. Upon request, all novel materials described in this
publication will be made available in a timely manner for
noncommercial research purposes, subject to the requisite
permission from any third-party owners of all or parts of the
material. Obtaining any permissions will be the responsibil-
ity of the requestor.
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