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Abstract

A family of plant ligand gated nonselective cation channels (cngcs) can be activated by direct, and reversible binding of cyclic nucleotide.
These proteins have a cytoplasm-localized cyclic nucleotide binding domain (CNBD) at the carboxy-terminus of the polypeptide. A portion of
the cngc CNBD also acts as a calmodulin (CaM) binding domain (CaMBD). The objective of this work is to further characterize interaction of
cyclic nucleotide and CaM in gating plant cngc currents. The three-dimensional structure of an Arabidopsis thaliana cngc (Atcngc2) CNBD
was modeled, indicating cAMP binding to the Atcngc2 CNBD in a pocket formed by a b barrel structure appressing a shortened (relative to
animal cngc CNBDs) aC helix. The Atcngc2 CaMBD was expressed as a fusion peptide linking blue and green fluorescent proteins, and used
to quantify CaM (A. thaliana CaM isoform 4) binding. CaM bound the fusion protein in a Ca2+–dependent manner with a Kd of 7.6 nM and
a Ca2+ binding Kd of 200 nM. Functional characterization (voltage clamp analysis) of Atcngc2 was undertaken by expression in human
embryonic kidney cells. CaM reversed cAMP activation of Atcngc2 currents. This functional interaction was dependent on free cytosolic Ca2+.
Increasing cytosolic Ca2+ was found to inhibit cAMP activation of the channel in the absence of added CaM. We conclude that the physical
interaction of Ca2+/CaM with plant cngcs blocks cyclic nucleotide activation of these channels. Thus, the cytosolic secondary messengers
CaM, cAMP, and Ca2+ can act in an integrated fashion to gate currents through these plant ion channels.
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1. Introduction

Cyclic nucleotide gated channels (cngcs) cloned from
animals are known to be involved in numerous signal trans-
duction cascades as cell membrane, ligand gated nonselec-
tive cation (i.e. conducting Na+, Ca2+, and/or K+) channels;
see [17,40] for review of cngcs. They act in such cascades by
converting the reception of a signal external to the cell into
altered cation flux across the cell membrane. Cyclic nucle-

otides (cAMP and cGMP), acting as cytosolic signaling
molecules, activate cngcs upon binding to the cytosolic,
C–terminal portion of cngc pore-forming subunit polypep-
tides. All animal cngcs are tetramers [21] of (only a, or a mix
of a and b) membrane-spanning polypeptide subunits. Cur-
rent evidence suggests most cngc channels exist as multim-
eric complexes of both a and b subunits in animal cell
membranes, but the subunit stoichiometry of many native
animal cngc channel complexes is still not resolved [17].
Animal cngc a and b subunits have cyclic nucleotide binding
domains (CNBDs); gating (ligand activation) occurs upon
binding of cyclic nucleotides to each of the four subunits
forming the functional channel. Animal cngc a subunits form
functional channels when expressed in heterologous sys-
tems, while b subunits form functional channels only when
co-expressed with a subunits [17,28].

Animal cngcs are modulated by calmodulin (CaM). Both
a and b subunits of animal cngcs have a CaM binding domain
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(CaMBD) at their respective N–termini, upstream from the
six membrane-spanning regions of the polypeptides [28];
also see model portrayed in Fig. 1A. Ca2+ rise in the cytosol
modulates CaM interaction with a variety of proteins [5,6],
including (animal) cngcs [28]. CaM binding to animal cngc
polypeptides is thought to alter the architecture of the func-
tional protein. CaM binding alters the interaction of the
cytosolic N– and C–termini of cngc polypeptides, blocking
the binding of cyclic nucleotide. As a consequence, ligand
activation of the channel is inhibited [21,28].

Plants also have functional cngcs (e.g. [8,38]) that are
critical for normal plant growth and development. While
animals ranging from humans to nematodes express only
three cngc a subunits, the Arabidopsis thaliana genome
encodes 20 putative cngc subunits (Atcngc1–20) [27]. It is
unclear whether plant cngcs encode a or b subunits. Ortholo-
gous sequences have been identified in barley [34] and to-
bacco [2], and the rice genome also encodes at least one cngc
(GenBank accession no. AAK16188.1). Plant cngc polypep-
tides contain a CaMBD, but in contrast to animal cngcs, the
functional CaMBD of plant cngcs resides at the C–terminus
[2,19,24,34]; also see Fig. 1B. Yeast two-hybrid [19,20],
peptide binding [1] and protein gel blot [34] assays have
demonstrated that plant cngcs bind Ca2+/CaM at the C–ter-
minal CaMBD. However, functional interaction between
CaM and plant cngcs has yet to be documented; one reason
for this is the recalcitrance of cloned plant cngcs to expres-
sion in heterologous systems that allow for functional study
of ion channels, e.g. [23].

Neither the deduced presence of a CaMBD within the
primary sequence of a cngc polypeptide nor the physical
association of CaM with cngc polypeptides demonstrates
functional interaction and regulation of cyclic nucleotide
activation of plant cngcs by CaM in situ. CaM binding to
putative CaMBDs of some cngc polypeptides does not
modulate cAMP activation of channel current [28]. In addi-
tion, as-yet-unidentified Ca2+ binding proteins besides CaM
are thought to facilitate Ca2+ reversal of cyclic nucleotide
activation of some cngcs [12,31]. The objective of the work
presented in this report was to expand our understanding of
CaM interaction with plant cngcs. Techniques were devel-
oped and studies undertaken to measure Ca2+/CaM binding
affinities of plant cngcs, and to determine the functional role
of CaM interaction with plant cngcs, specifically, to deter-
mine whether CaM modulates cyclic nucleotide activation of
the plant channels.

2. Results and discussion

2.1. Structural analysis of plant cngc cyclic nucleotide
and CaM binding domains

All cngc channels cloned to date share a similar basic
structure common to members of the ‘P-loop’ superfamily of
ion channel proteins [11]. Each of the four polypeptide sub-
units forming a functional channel complex has six
membrane-spanning regions (S1–S6), a positively charged
transmembrane domain (S4), and a pore region or P–loop
(Fig. 1). The S4 transmembrane domain acts as a voltage-
sensor in voltage-gated channels, but is locked in an open
state in cngcs [17]. The P–loop forms the conduction path-
way of the channel with an ion selectivity filter that dips into
the membrane between S5 and S6 from the extracellular side
of the channel (Fig. 1). In addition, cngcs contain a cytoplas-
mic CNBD C–terminal to the transmembrane domains
(Fig. 1). The functional CaMBD of animal cngcs resides at
the N–terminus of the polypeptides (Fig. 1A) while a portion
of the polypeptide C–terminal to the transmembrane do-
mains forms the CaMBD in plant cngcs (Fig. 1B) [1,20].

Binding of cAMP or cGMP to each of four subunits
forming the channel protein induces allosteric conforma-
tional changes in the holoenzyme that facilitate rotation of
the P–loop region of each polypeptide and opens the channel
gate to facilitate ion permeation [11]. Prior studies of
Berkowitz and co-workers, employing heterologous expres-
sion systems and voltage clamp analysis of channel currents,
have focused on functional characterization of cloned plant
cngcs. Cyclic nucleotide-dependent inward K+ currents were
recorded from Xenopus laevis oocytes injected with cRNA
encoding the A. thaliana channel Atcngc2 that were not
present in water-injected control oocytes [24]. In these stud-
ies, currents were recorded from whole oocytes in the two-
electrode configuration. A lipophilic analog of cAMP was
added to the perfusion bath, and activated the channel by

Fig. 1. Predicted membrane topology and domain structures of (A) animal
(a subunit) and (B) plant cngc polypeptides. Transmembrane domains (S1–
S6, with a positively charged S4 transmembrane domain) are identified, as
well as the pore region (P) between S5 and S6. The N– and C–termini of
plant and animal cngcs are shown as extending into the cell cytosol. The
CaMBD is shown at the N–terminus of animal cngcs. The CNBD of animal
cngcs is shown at the C–terminus, formed by three a helices (A–C), with two
b sheets (b1 and b2) forming a b barrel between the aA and aB helices. The
plant cngc primary structure is shown with similar domains, except that the
CaMBD is at the C–terminus, beginning at the truncated aC helix of the
CNBD.
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diffusing across the oocyte membrane to reach the Atcngc2
CNBD in the cytoplasmic portion of the expressed channel.
Further studies [23] confirmed that Atcngc2 currents are
activated upon direct binding of cyclic nucleotide to the
channel.

Here, we present the first three-dimensional structural
projection of a plant cngc CNBD (Fig. 2). This portion of the
plant protein Atcngc2 models well with known features of
the CNBD of animal cngcs, with some notable exceptions.
The pocket within animal cngc proteins that forms the CNBD
is comprised of ~80–100 amino acid residues that fold into
three a helices (a–A, B, and C in Fig. 1A), and eight b strands
[17]. As represented in Fig. 1B, plant cngc polypeptides
(including Atcngc2) are not predicted to form an aC helix of
the same size as animal cngcs. This portion of plant cngcs
(including the 24 amino acid residues 645FRYKFANER-
LKRTARYYSSNWRTW668 in Atcngc2) also forms the
CaM binding domain [19,20]. CaMBDs of CaM-target pep-
tides (including Atcgnc2; [20]) typically have a primary
structure that includes two strongly hydrophobic residues at
defined intervals [5,6], and may form an amphiphilic a-helix,
or may be induced to form a helix when bound by CaM [4].
In line with the structural differences of the two overlapping
functional domains of Atcngc2, the full-length CNBD of
Atcngc2 does not thread through any known CNBD crystal
structure. In order to generate the projection shown in Fig. 2,
part of the CNBD corresponding to the CaMBD (see notes on
structural modeling in Section 4) had to be removed from the

Atcngc2 CNBD query sequence. Thus, the cyclic nucleotide
binding pocket formed by Atcngc2 is predicted to occur
without the complete (as compared to animal cngc CaMBDs)
aC helix. The modeling template (RIa) used to generate the
three-dimensional projection of the Atcngc2 CNBD is the
crystallized structure of cAMP-dependent protein kinase A
(RIa). Interestingly, this protein kinase has two different
cAMP binding sites, domains A and B. Domain A has a
complete aC helix as a structural component (i.e. typical of
most cAMP binding sites of proteins, including all animal
cngcs), while domain B has a truncated aC helix. The Atc-
ngc2 CNBD query sequence threaded with domain B, and
not domain A. Identification of structural similarity between
theAtcngc2 CNBD and the cyclic nucleotide binding domain
B of RIa which has a truncated aC helix suggests that the
plant cngc CNBD could have evolved to permit CaM binding
at the aC helix, but retain function of the entire region as a
cyclic nucleotide binding, ligand activation domain. As men-
tioned above, the bifunctionality of this domain in plant
cngcs is unique, and distinct from that which occurs with
animal cngcs where the CaMBD is located at the N–terminus
of the polypeptide. The truncated aC helix of the RIa CNBD
B offers some insight into what components of this part of the
Atcngc2 CNBD are critical for cAMP binding.

Three-dimensional structural modeling of the Atcngc2
CNBD as shown in Fig. 2 leads to some intriguing insights
into the functional limits of this region of the channel. The
model of the Atcngc2 CNBD shown in Fig. 2 indicates

Fig. 2. Proposed three-dimensional structure of the Atcngc2 CNBD. The B domain of PDB record 1RGS, i.e. the crystal structure of cAMP-dependent protein
kinase A (RIa), was used to generate the structural prediction of Atcngc2. The three-dimensional structures are presented side by side as ribbon diagrams and
colored according to secondary structure succession. Denoted amino acid residues as well as the hetero-ligand are in CPK, oxygen atoms are red, nitrogen blue
and phosphorous orange. The classic structure of a CNBD is present in each three-dimensional model. This structure includes an N terminal a helix (aA)
preceding eight antiparallel (represented by arrows pointing in opposite directions) b strands (labeled 1 through 8 in figure) followed by two C terminal a helixes
(aB and C). The eight b strands form two b sheets (labeled I and II in figure). b sheet I is shown as formed from four antiparallel b strands at the top of each
structural projection and b sheet II is shown as formed from four antiparallel b strands at the bottom left of each structural projection. The two b sheets together
form a b barrel; the ligand cAMP sits in a pocket formed by the b barrel appressing the aC helix. The orientation of the cAMP in the syn-conformation is shown
relative to the b barrel. Amino acid residues (G323, E324, and A334) that interact with the ligand by H bonding are denoted with dashed lines in the crystallized
model of RIa. The three-dimensional model of the Atcngc2 CNBD predicts similar interactions of the ligand with G599, D600, and S619; these residues are
similarly identified.
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cAMP resides within a pocket of a b barrel. Two b sheets
form this b barrel (denoted as b1 and b2 in Fig. 1). Each of
the b sheets is formed by four antiparallel b-strands as de-
noted with antiparallel arrows in the Atcngc2 CNBD model
shown in Fig. 2. Our modeling indicated that cyclic nucle-
otide binding to the pocket formed by this region of Atcngc2
can occur in the syn-conformation relative to the b-barrel.
Analysis of cyclic nucleotide binding to the CNBD of animal
cngcs indicates that binding of the ligand in the anti– (as
opposed to the syn–) conformation is facilitated by hydrogen
bonds that can form between the 2–amino group of the purine
ring and acidic residues of the aC helix [40]. Lacking the
full-length aC helix, these atomic interactions would not be
predicted to occur between the ligand and the Atcngc2
CNBD. Alternatively, our modeling (Fig. 2) does identify
other Atcngc2 amino acid residues (G599, D600, S619) that
have conserved R–group features allowing for hydrogen
bonds to form with the cyclic nucleotide residing in the
binding pocket. (The corresponding residues of RIa are G323,
E324, and A334, respectively; Fig. 2). Thus, our three-
dimensional modeling of this region of the Atcngc2 sequence
indicates how cyclic nucleotide binding could occur, and
identifies specific amino acid residues that may contribute to
stabilizing the interaction of ligand with the channel protein.

An interesting point germane to our modeling of the
three-dimensional structure of the Atcngc2 CNBD is that
members of another family of plant channels; the voltage
gated (i.e. hyperpolarization-activated) K+–selective chan-
nels, also have putative CNBD domains. A multiple amino
acid sequence alignment reveals a putative CNBD in plant
K+ channels such as KAT1 and further, cGMP has been
shown to modulate KAT1 currents [15]. However, KAT1
currents are reduced in the presence of cyclic nucleotide [15],
while cyclic nucleotide activates cngcs, including Atcgnc2,
resulting in an increase in current [11,24]. It is intriguing to
note that primary sequence analysis indicates some similarity
between the CNBDs of KAT1 and Atcngc2. As mentioned
above, the three-dimensional structure of the Atcngc2 CNBD
threads reasonably through the RIa modeling template;
showing tertiary structural similarity to the cAMP-dependent
protein kinase A CNBD domain B. The CNBD of animal
cngcs shows similarity (i.e. it threads through the modeling
template of the crystal structure) to the tertiary structure of
the catabolic activator protein (CAP) CNBD [40]. The KAT1
CNBD primary sequence shows 33, 31 and 29% sequence
similarity to the Atcngc2, CAP, and RIa CNBDs, respec-
tively. The Atcngc2 CNBD displays 40 and 35% sequence
similarity to the CNBD of RIa and CAP, respectively. Thus,
primary sequence comparisons alone could not resolve any
significant structural differences between the KAT1 and Atc-
ngc2 CNBDs. However, a three-dimensional model of the
KAT1 CNBD was not generated using RIa as a modeling
template (analysis not shown). Hence, our three-dimensional
modeling of the Atcngc2 does highlight structural differ-
ences between the CNBD of Atcngc2 and KAT1 that are not
evident from primary sequence analysis.

2.2. CaM interaction with Atcngc2

Previous work demonstrated that plant cngc proteins
physically interact with CaM in vitro [1,34] using yeast two
hybrid assays [19,20]. To develop a method with the potential
to measure cngc–CaM interaction in planta, we constructed a
fluorescent indicator protein (FIP) based on the design of
Romoser et al. [32] and used it to measure Ca2+–dependent
association of A. thaliana CaM isoform 4 (AtCaM4) and the
CaMBD of Atcngc2. FIP-CNGC2 consisted of a fusion pro-
tein comprising BFP-CNGC2 CaMBD-GFP and an 8X His
tag; a negative control FIP (FIP-NC) harbored the same
components except that a non-CaM binding peptide was
substituted for the CNGC2 CaMBD. Fig. 3A shows that
FIP-CNGC2, FIP-NC and AtCaM4 could be expressed in
Escherichia coli and purified to near homogeneity using
standard affinity– and size-based chromatography methods.
Fig. 3A also demonstrates that FIP-CNGC2 sensitively re-
ported CaM binding over a physiologically relevant range of
Ca2+ concentrations. Although FIPs are designed to quantify
CaM binding as a reduction in fluorescence resonance energy
transfer (FRET) between the BFP donor and green fluores-
cent protein (GFP) acceptor, measurements of the decrease in
GFP fluorescence at 510 nm were more reproducible than
those in which the ratio change of BFP and GFP fluorescence
was followed (not shown). Similar results have been reported
previously for a FIP based on the CaMBD of myosin light
chain kinase (2.7.1.117) [30]. The variability in FRET mea-
surements appears to result from photobleaching of the BFP
donor when the emission spectra of FIP samples are repeti-
tively scanned. The lower set of emission spectra in Fig. 3A
shows that fluorescence emission by a mixture of a negative
control protein (FIP-NC) and CaM displayed no FRET sig-
nal and the 510 nm emission changed little when 1.1 µM free
Ca2+ (the maximum concentration used in this experiment)
was added. In contrast to the control protein, a Ca2+–depen-
dent interaction was demonstrated between the Atcngc2
CaMBD and AtCaM4 by this FRET analysis (upper set of
emission spectra in Fig. 3A). Addition of free Ca2+ as low as
50 nM (the lowest concentration used) caused a detectable
decrease in 510 nm emission and increase in 445 nm emis-
sion. The change in 510 nm emission was far greater with
FIP-CNG2 than that which occurred with the negative con-
trol protein. Half-maximal interaction between FIP-CNGC2
and AtCaM4 was observed at approximately 200 nM free
Ca2+. The Ca2+ sensitivity of the interaction between CaM
and a plant cngc demonstrated by these results suggests
physiological relevance. For example, a 500 nM change in
cytosolic free [Ca2+] has been associated with altered CaM
binding to the vertebrate rod cngc [13]. In addition, changes
in cytosolic free [Ca2+] of at least this magnitude are also
known to occur as part of numerous signal cascades in plant
cells [10]. These studies demonstrate binding of CaM to a
region of the channel immediately C–terminal to the trun-
cated aC helix of the CNBD (Fig. 1B). Our modeling studies
(Fig. 2) suggest that the region of the channel N–terminal to
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the CaMBD can form a cyclic nucleotide binding pocket
comprised of two b sheets appressing a short aC helix. Thus,
our model of this region of Atcngc2 is consistent with both
CaM and cyclic nucleotide binding, and functional interac-
tions with the channel (see below).

Fig. 3B shows the results of quantitative binding assays in
which 20 nM solutions of FIP-CNGC2 were challenged with
increasing concentrations of AtCaM4 at near-saturating free
Ca2+ concentrations. The apparent Kd of AtCaM4 binding
was 7.6 (±1.1) nM, a value that agrees very well with the Kd

of 8 nM reported for a tobacco cngc [1] that was made using
an independent method. The Kd of AtCaM4 binding to the
Atcngc2 CaMBD as shown in Fig. 3B is similar to the
binding affinity of CaM with animal cngcs [26]. This simi-
larity is logical, but could not necessarily be assumed, as the
CaMBD of animal cngcs is located at an entirely different
region of the protein, and the region of the polypeptide
forming the CaMBD of plant cngcs such as Atcngc2 overlays
part of the CNBD (Fig. 1). Although the absolute values of
half maximal Ca2+ concentration and Kd for CaM binding for
Atcngc2 may reflect a higher affinity than would be observed
in the intact protein, they are consistent with values reported
for other CaM-regulated proteins in plants [5]. The Atcngc2
CaMBD appears to bind CaM with moderate to high affinity
compared with other CaM binding proteins, but on the other
hand the Atcngc2 CaMBD–CaM complex has a somewhat
lower affinity for Ca2+ (Kd = 200 nM) than a number of
previously characterized CaM-target protein complexes
[22,25,36]. This implies that CaM regulation of Atcngc2
channel activity may occur only during saturating or highly
localized spikes of the cytosolic second messenger Ca2+.

2.3. CaM effects on cAMP-activated Atcngc2 currents

One goal of the work presented in this report was to
further characterize the interaction between CaM and plant
cngcs by examining the effect CaM delivery to the cytosolic
portion of the channel has on cyclic nucleotide activation of
currents. We tested this possible interaction in HEK 293
(human embryonic kidney) cells transfected with the Atc-
ngc2 coding sequence; delivery of these competing ligands
to the cytosolic portion of the channel was facilitated in these
experiments by adding the ligands to the recording electrode
buffer solution, and measuring whole cell Atcngc2 currents.
Results are presented in Figs. 4 and 5.

It should be noted that while approximately 40% of
beaded cells co-transfected with an animal cngc (used as a
control) yielded cyclic nucleotide-dependent currents, only
approximately 5% of beaded cells co-transfected with Atc-
ngc2 yielded cyclic nucleotide-dependent currents (data not
shown); we do not know the basis for this difference in
successful expression of plant verses animal cngcs in HEK
cells. An alternative heterologous expression system for elec-
trophysiological analysis of plant cngcs is X. laevis oocytes.
However, we (and other labs; R. Jones, H. Fromm, F.
Maathuis, personal communications) have found expression
of these plant channels in oocytes to be also recalcitrant;

Fig. 3. Ca2+–dependent interaction of AtCaM4 and the CaMBD of
Atcngc2 measured by FRET. A, Ca2+–dependence of the response. FIP-
CNGC2 (20 nM) or FIP-NC (20 nM) were incubated with AtCaM4 (50 nM)
in 10 mM HEPES–KOH pH 7.2, 100 mM KCl, 2 mM EGTA, and fluores-
cence emission was recorded from 430 to 560 nm. Additions were made
from a 1 M CaEGTA pH 7.2 solution to give free Ca2+ concentrations
ranging from 50 to 1100 nM for the FIP-CNGC2–AtCaM4 mixture; a single
addition to give a free Ca2+ concentration of 1100 nM was made to the
FIP–NC–AtCaM4 mixture. Fluorescence emission spectra were recorded
after each CaEGTA addition. Traces corresponding to the fluorescence
emission spectra at 0 and 1100 nM for FIP-CNGC2 and FIP-NC are labeled.
This experiment was repeated three times; representative results of one
experiment are shown. The Kd for Ca2+ binding estimated from these
experiments is 200 nM. The inset shows an SDS gel of the protein prepara-
tions used in the assays: lanes 1, FIP-NC (2 µg); 2, 5,AtCaM4 (2 µg). 3, mass
standards; 4, FIP-CNGC2 (1.5 µg). B, Affinity of CaM4 for FIP-CNGC2.
FIP-CNGC2 (20 nM) in buffer containing 1100 nM free Ca2+ was titrated
with AtCaM4. Fluorescence emission spectra were recorded after each CaM
addition and used to calculate the fraction of bound and free CaM. Each
point represents the mean binding (±S.D.) calculated from three separate
experiments.
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possibly due to an adverse effect of channel expression on
oocyte health [23].

Recordings presented in this report were undertaken in the
whole cell configuration. It should be noted that the most
direct strategy for identification of CaM modulation of cyclic
nucleotide activation of cngc currents would be to apply
CaM and cyclic nucleotide to membrane patches pulled from
transfected HEK cells. However, no laboratory has yet pub-
lished patch recordings of a plant cngc expressed in HEK
cells; our low rate of successful transfection (see above)
likely contributes to this technical problem. To date, we are
unsuccessful in identifying Atcngc2 currents in patches
pulled from HEK cells. Another contributing problem is the
background native inward K+ currents that are present in
HEK cell patches. We have observed (100 mM K+ in pipette)
inward K+ currents of 4, 8, 13, and 29 picosemens (pS) in
cell-attached patches pulled from non-transfected HEK cells.
We do not yet know the single channel conductance param-
eters of Atcngc2 or any other plant cngc. Animal cngc single
channel conductances have been reported in the range of
20–80 pS. Even though the background native inward K+

currents can be present in membrane patches of non-
transfected HEK cells, on a whole cell basis they apparently
do not contribute much to the current that can be recorded in
the presence of the activating ligand cAMP from a HEK cell
expressing Atcngc2 [23]; see also inset of Fig. 5B.

As shown in Fig. 4A (also see Fig. 5A), delivery of cAMP
to the cytosolic portion of recombinant Atcng2 from the
electrode solution evoked inward (whole cell) K+ currents
that did not decrease in magnitude over 10 min of incubation
time. Due to the nature of the experimental design for the
work shown in Fig. 4 (i.e. addition of ligands to the recording
electrode; see Section 4 for details and discussion of the
experimental strategy), we could not record currents from the
same cell prior to, and then after addition of ligands. There-
fore, control experiments (see inset in Fig. 5B) are presented

(recordings also obtained in the whole cell configuration)
which demonstrate that cAMP application to HEK cells
transfected with just the CD8 plasmid (i.e. ‘empty plasmid’
controls) did not result in K+ currents, and that in the absence
of cAMP, inward K+ currents of HEK cells transfected with
the Atcngc2 cDNA were no greater than the background
currents recorded from HEK cells transfected with the empty
plasmid. These control experiments support the premise un-
derlying our conclusion that the bulk of the inward K+ cur-
rent recorded over a 10 min period with cAMP added to the
recording electrode (i.e. data shown in Fig. 4A) from HEK

Fig. 4. Time dependent Atcngc2 currents recorded from HEK cells (whole
cell configuration) with cAMP delivered to the cytosol through the pipette,
and either no additions (A), 260 nM CaM4 (B), CaM4 and 2 mM EGTA (C),
or 50 µM free Ca2+ (D). Note the different current and time scales for each
set of recordings. A different cell was used for the recordings shown in A–D;
recordings were made at different time periods (as noted) from each cell.

Fig. 5. Current/voltage relationship of cAMP-dependent Atcngc2 currents
with various additions to the recording pipette. The treatments in the
current/voltage plots in this figure are similar to those used for the recordings
shown in Fig. 4. In this figure, means + S.E. of currents recorded from six
different cells for each treatment are shown in the current/voltage plots. A,
Atcngc2 currents recorded in the presence of cAMP alone, i.e. control (▼,
∇ ); cAMP and CaM (•, ·); or cAMP, CaM and EDTA (n, h). As described
in Section 4, recordings were made immediately after obtaining the whole
cell configuration (closed symbols) or after 10 min (open symbols). B,
Atcngc2 currents recorded in the presence of cAMP alone (–Ca2+), or cAMP
and 50 µM free Ca2+ (+Ca2+). The inset (a, b, c, and d) in B shows
time-dependent currents from an experiment involving the addition of
100 µM dibutyryl-cAMP (a lipophilic analog of cAMP [24]) to the perfusion
bath. Current was recorded from a control HEK cell (i.e. transformed with
just the CD8 plasmid) prior to (a) and after (b) addition of dibutyryl-cAMP.
Current was recorded from a HEK cell tranfected with Atcngc2 prior to (c)
and after (d) addition of dibutyryl-cAMP. The horizontal bar in the inset
corresponds to 100 ms, and the vertical bar corresponds to 500 pA. The
holding potential and command voltage protocol used for the experiment
shown in the inset was the same as that used for the experiments shown in A
and B of this figure (see Section 4).
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cells expressing Atcngc2 currents occurs through cAMP-
dependent activation of recombinant Atcngc2.

Results shown in Fig. 3 (also see [19,20]) demonstrate a
physical interaction of Atcngc2 with Arabidopsis CaM iso-
form 4 at physiologically relevant concentrations of both
CaM and Ca2+ [5,6]. Results shown in Fig. 4B indicate that
this physical interaction of Ca2+/CaM4 with Atcngc2 re-
verses cAMP activation of Atcngc2 currents. Over 10 min of
incubation, Atcngc2 currents became substantially blocked
when CaM4 was added to the pipette solution along with
cAMP. Bradley et al. [3] also observed a time-dependent
decay in cAMP-activation of a recombinant (animal) cngc
expressed in HEK cells upon addition of CaM. However, the
physical interaction of CaM and cyclic nucleotides with
animal cngcs cannot be directly compared to these interac-
tions with plant cngcs. As mentioned above, the CNBD of
animal cngcs resides at a different region of the cngc
polypeptide (i.e. at the N–terminal cytoplasmic portion) than
in plant cngcs (Fig. 1).

We speculate that sufficient free Ca2+ is present in the
HEK cytosol to facilitate formation of a Ca2+/CaM complex,
leading to the binding of the Ca2+/CaM complex (over sev-
eral minutes) to the cytosolic CaMBD of Atcngc2, resulting
in block of cAMP activation of current. Support for this
assertion is shown in Fig. 4C (also see Fig. 5A). When cAMP,
CaM4, and ethylene glycol tetraacetic acid (EGTA) are
added to the pipette solution in the recording electrode, no
CaM inactivation of Atcngc2 current occurs during the assay
period. Presumably, the EGTA delivered to the HEK cell
through the recording electrode chelates any free Ca2+

present in the cytosol. Binding of CaM4 to the Atcngc2
CaMBD requires free Ca2+ (Fig. 3) to facilitate formation of
the Ca2+/CaM complex.

Interestingly, addition of free Ca2+ to pipette solution
alone (i.e. in the absence of added CaM) also resulted in a
time-dependent reduction of cAMP-activated Atcngc2 cur-
rent (Figs. 4D and 5B). The basis for cytosolic Ca2+ block of
cAMP-dependent Atcngc2 current (i.e. in the absence of
added CaM) is not known. Two possible explanations are as
follows. Ca2+ could bind to a site on the interior, cytoplasmic
portion of the channel, and block current directly. External
Ca2+ is known to bind to a site at or near the outer mouth of
the pore region of animal cngcs and block inward current
[9,33,35]. We previously showed inward Atcngc2 K+ current
is blocked by external Ca2+ [23]. It is generally assumed that
block of cngc current by cytosolic Ca2+, however, is medi-
ated by Ca2+ binding proteins such as CaM [17,21]. How-
ever, one study has provided evidence that cytosolic Ca2+

inhibition of cngc current could be a direct effect of the
cation binding to the protein [29]. So, in addition to the effect
of external Ca2+ on plant cngcs [23], and effects of internal
Ca2+ mediated by CaM (Figs. 4A–C and 5A), intracellular
Ca2+ could modulate Atcngc2 current due to a direct effect of
the divalent cation on an interior site of the channel. Alterna-
tively, the reduction ofAtcngc2 current by addition of Ca2+ to
the cell cytosol could be mediated by endogenous CaM in the

HEK cell. If this was the case, then the endogenous level of
either free Ca2+ or CaM in the HEK cell cytosol is not
sufficiently high to completely inhibit current through Atc-
ngc2 and raising free Ca2+ in the cytosol reduces Atcngc2
current. We raise this possibility as we continue to examine
factors that may contribute to the recalcitrance of heterolo-
gous expression systems for the functional characterization
of plant cngcs. Due to the inhibition of Atcngc2 current by
addition of Ca2+ alone (i.e. in the absence of added CaM) to
the recording electrode (Fig. 4D), we could not resolve the
possible contribution of exogenous Ca2+ application to the
cytoplasmic portion of recombinant Atcngc2 on CaM inhibi-
tion of cAMP activation of the channel in these studies.

3. Conclusion

Work presented in this report demonstrates CaM binding
to a plant cyclic nucleotide gated cation channel at concen-
trations of CaM that are known to be present in plant cells [5].
Modeling of the cytoplasmic region of the channel thought to
bind cyclic nucleotide indicated that a binding pocket for the
ligand could be formed despite a shortened aC helix in a
manner similar to the three-dimensional structure of the
ligand binding domain B of cAMP-dependent protein kinase
A. The physical association of CaM with the cngc was shown
to be dependent on free Ca2+ concentrations that are present
in the plant cell cytosol. Physical interaction of CaM with the
channel was associated with a reversal of cyclic nucleotide
activation of inward current. Further, cytosolic free Ca2+ rise
was found to inhibit cyclic nucleotide-dependent current.
These results demonstrate that this family of plant channels is
modulated by plant cell cytosolic secondary messenger mol-
ecules (cAMP, CaM, and Ca2+) that are known to mediate
numerous signal transduction cascades in plants.

4. Methods

4.1. Structural modeling of the Atcngc2 cyclic nucleotide
binding domain

A three-dimensional model of the Atcngc2 CNBD was
generated by threading the appropriate portion of the coding
sequence through known crystal structures of proteins. A
query sequence corresponding to the putative CNBD of Atc-
ngc2 (amino acids I526–R680) was submitted to the Swiss-
Model Blast Protein Modeling Server [14], which searches
the ExNRL-3D database. The query identified protein data
base (PDB) record 1RGS as an appropriate modeling tem-
plate (for only a portion of the Atcngc2 CNBD, correspond-
ing to P530–N651). The 1RGS template corresponds to the
crystallized structure (see [37]) of bovine (Bos taurus)
cAMP-dependent protein kinase A (R1a; EC 2.7.1.117) CN-
BDs A and B (R113–S376). The PDB record was downloaded
for subsequent analysis and the experimental sequence was
then submitted back through the Swiss-Model Protein Mod-
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eling Server using the 1RGS record as a template in order to
generate a three-dimensional structural model of the Atcngc2
CNBD. Utilizing the SwissModel “First Approach” mode
with a lower BLAST P (N) limit of 0.00001, a positive
structure was rendered and analyzed locally through the
Swiss-PdbViewer version 3.5 (Glaxo Wellcome Experimen-
tal Research). A reproduction of the modeled structure was
loaded into Microsoft PowerPoint as a bitmap file and anno-
tated.

4.2. Expression in HEK cells

The coding sequence of Atcngc2 (GenBank accession
number AF067798) was ligated into the KpnI and XbaI
restriction sites of the mammalian expression vector
pcDNA3.1. The Atcngc2 cDNA in the pcDNA3.1 plasmid
was expressed in the human embryonic kidney cell line HEK
293 (American Type Culture Collection, Rockville, MD) for
voltage clamp measurements as follows. HEK cells were
cultured in a Napco (Winchester, VA) CO2 (5%) incubator 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 co-
transfected with the pcDNA3.1 plasmid (20 µg 0.2 ml–1)
containing the Atcngc2 coding sequence, and a plasmid en-
coding the CD8 antigen (1 µg 0.2 ml–1) by electroporation
(Gene Pulser 2 electroporator; Bio-Rad, Hercules, CA) at
75 µF and 366 V. After electroporation, cells were plated on
protamine (1 mg ml–1)–coated glass cover slips submerged in
maintenance medium and incubated for 1–2 days prior to use
for electrophysiological studies. On the day of recording,
cells were washed with maintenance medium and incubated
with M450 Dynabeads conjugated with anti-CD8 antibody at
1 µl 2 ml–1 (Dynal, Oslo, Norway). Successful transfection
was ascertained by the adherence of Dynabeads to a cell [16].
These cells were used for electrophysiological recordings in
the whole cell configuration at room temperature. Whole cell
recordings presented in this report were made with N51A
glass pipette (Garner Glass Co., Claremont, CA) electrodes
pulled on a Sutter P87 instrument (Novato, CA) and fire
polished using a Narishige MF83 heater (East Meadow, NY).
Bath solution contained 145 mM KCl, 10 mM HEPES–KOH
pH 7.4, 10 mM D–glucose, and 0.1 mM MgCl2. Pipettes
were filled with 145 mM N–methyl–D–glucamine, 10 mM
HEPES–KOH pH 7.4, 0.5 mM MgCl2, 100 µM cAMP, and
additions (260 nM A. thaliana CaM 4 (GenBank accession
number M38380), 2 mM EGTA, or 50 µM free Ca2+) as
noted in figure legends. Pipette solutions were brought to
50 µM free Ca2+ (when needed) by addition of nitrilotriac-
etate (2 mM final concentration) and CaCl2 (704 µM final
concentration). After formation of giga ohm seals of the
electrode to beaded cells, slight negative pressure was ap-
plied to the electrode to impale the target cell, allowing for
recordings in the whole cell configuration. In contrast to our
prior voltage clamp studies of Atcngc2 expressed in oocytes
[24] with a lipophilic analog of cAMP added to the bath, long

incubation times were not necessary with the work reported
here in order to evoke cAMP-dependent currents using HEK
cells when cAMP was delivered to the cell cytosol through
the recording electrode pipette. Initial measurements (begun
after optimal seal resistance was obtained in the whole cell
configuration) after impalement during a voltage step proto-
col are presented as ‘0 min’ recordings in figures. Additional
recordings were made at specified times after the 0 min
series, as noted in figures. 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, IL). For
all voltage clamp recordings, currents were recorded from a
minimum of six different cells for each treatment.

4.3. Construction and expression of FIPs and AtCaM4

Recombinant AtCaM4 was expressed and purified as de-
scribed previously [25]. A plasmid encoding a synthetic
version of red-shifted GFP (S65T) was obtained from Dr. Jen
Sheen (Massachusetts General Hospital) [7] and was modi-
fied by either PCR using degenerate primers to alter restric-
tion sites at the 5' and 3' ends of the gene or by site-directed
mutagenesis using a Quick Change Kit (Stratagene, La Jolla,
CA). Synthetic oligonucleotides were used to add an 8X
His-tag to the C–terminus of GFP. An expression vector for
FIP-NC was constructed in pET24d (Novagen, Madison,
WI) by inserting the coding sequences of BFP (F64L,Y66H,
V163A, I167T) and GFP (F64L, S65T, V163A, I167T) into
the vector separated by a linker encoding a thrombin cleav-
age site and a short, non-sense peptide, which was added by
fusing synthetic oligonucleotides to the C–terminus of BFP
and the N–terminus of GFP. The sequence of the peptide
linker is GSMYPRGNGTVDGGAAAG. The CaMBD of
Atcngc2 was amplified by PCR and subcloned into the
FIP-NC vector as a KpnI-NotI restriction fragment. The
sequence of the peptide linker in FIP-CNGC2 is
GSMYPR/GNGTFRYKFANERLKRTARYYSSNWRTWA-
AAAAG, where / indicates the location of a thrombin pro-
tease cleavage site and the sequences introduced by the KpnI
and NotI sites added for cloning purposes are underlined and
double underlined, respectively. All recombinant proteins
were expressed in E. coli BL21(DE) following induction of
mid-log phase cultures (A600 ≈ 0.6) grown in LB medium
with 0.5 mM IPTG. FIP-NC was purified by NiNTA chroma-
tography (Qiagen, Chatsworth, CA); FIP-CNGC2 was puri-
fied by CaM-Sepharose affinity chromatography [18] fol-
lowed by gel filtration on Sephacryl S–300 HR (Amersham
Biosciences, Piscataway, NJ) equilibrated in 10 mM
HEPES–KOH (pH 7.2), 100 mM KCl. Proteins were dia-
lyzed overnight into 10 mM HEPES–KOH (pH 7.2) and their
concentrations quantified using a bicinchoninic acid assay
(Pierce, Rockford, IL).
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4.4. Protein–protein interaction measurements

Purified recombinant proteins were diluted into 10 mM
HEPES–KOH (pH 7.15), 100 mM KCl, 2 mM EGTA and
their fluorescence emission was recorded from 430 to 560 nm
at room temperature in an SLM-Aminco SPF-500C spectrof-
luorometer using an excitation wavelength of 360 nm. A 1 M
stock of CaEGTA was prepared according to Tsien and
Pozzan [39] and used as described to produce solutions of
buffered free Ca2+ ranging from 50 to 1100 nM. Binding
measurements were made using 20 nM solutions of FIP-NC
or FIP-CNGC2 and recombinant AtCaM4 as indicated in the
legend to Fig. 3. Fractional binding was calculated as (Fmax –
Fobs)/(Fmax – Fmin), where Fmax represents the fluorescence
of FIP at 510 nm in the absence of AtCaM4, Fobs is the
observed fluorescence at 510 nm, and Fmin is the fluores-
cence of a 20 nM solution of FIP following cleavage with
thrombin protease. No corrections were made to the raw
fluorescence data, as buffer alone and buffer containing At-
CaM4 controls exhibited no detectable fluorescence at the
same instrument settings used to measure FIP fluorescence.
Binding data were analyzed and plotted using Origin
6.1 software (OriginLab Corp., Northampton, MA). In all
cases, reagents and chemicals were purchased from Sigma
Chemical Co. (St. Louis), unless otherwise noted.
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