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Rod cyclic nucleotide-gated (CNG) channels are heterotetramers
comprised of both CNGA1 and CNGB1 subunits. Calcium�calmod-
ulin (Ca2��CaM) binds to a site in the N-terminal region of CNGB1
subunits and inhibits the opening conformational change in
CNGA1�CNGB1 channels. Here, we show that polypeptides derived
from an N-terminal region of CNGB1 form a specific interaction
with polypeptides derived from a C-terminal region of CNGA1 that
is distal to the cyclic nucleotide-binding domain. Deletion of the
Ca2��CaM-binding site from the N-terminal region of CNGB1 elim-
inated both Ca2��CaM modulation of the channel and the inter-
subunit interaction. Furthermore, the interaction was disrupted by
the presence of Ca2��CaM. These results suggest that Ca2��CaM-
dependent inhibition of rod channels is caused by the direct
binding of Ca2��CaM to a site in the N-terminal region in CNGB1,
which disrupts the interaction between this region and a distal
C-terminal region of CNGA1. The mechanism underlying Ca2��CaM
modulation of rod channels is distinct from that in olfactory
(CNGA2) CNG channels.

Cyclic nucleotide-gated (CNG) channels were first character-
ized in retinal rods, where they conduct a cation current in

response to changes in intracellular levels of cGMP and mediate
the electrical response to light (1). CNG channels also are found
in olfactory neurons, where they respond to changes in internal
cAMP and underlie the electrical response to odorants (2).
Evidence exists for a cyclic nucleotide-dependent conductance
in taste receptors (3, 4). CNG channels are present in a variety
of other tissues, including heart, aorta, and kidney (for a review
see ref. 5).

CNG channels were first cloned from retina (6) and olfac-
tory neurons (7). Four channel subunits are arranged to form
a tetramer with a central pore (8, 9). Subunits have six
proposed membrane-spanning domains, a pore-loop domain,
and intracellular N- and C-terminal regions, a topology similar
to that of the voltage-activated potassium channels (10).
However, CNG channels are only weakly sensitive to mem-
brane voltage. Instead, they contain a large C-terminal cyclic
nucleotide-binding domain (CNBD) that exhibits sequence
similarity with other cyclic nucleotide-binding proteins (11,
12). CNG channels are activated by the direct binding of cyclic
nucleotides to the CNBD (13).

At present, there are six types of mammalian CNG channel
genes. The genes are grouped according to sequence similarity
into two subtypes, CNGA and CNGB (14). CNGA1, CNGA2,
and CNGA3 subunits form functional homomeric channels
when expressed alone, whereas CNGB1, CNGB3, and CNGA4
subunits do not appear to form functional homomeric channels
when expressed alone. Instead, CNGB1, CNGB3, and CNGA4
subunits form heteromeric channels when coexpressed with
CNGA1, CNGA2, or CNGA3 subunits (15).

Native retinal rod channels comprise CNGA1 (formerly
CNG1; Rod �) and CNGB1 (formerly CNG4; Rod �) subunits.
CNGA1�CNGB1 heterotetramers contain two CNGA1 sub-
units and two CNGB1 subunits (16, 17). Compared with CNGA1
homomers, CNGA1�CNGB1 heteromers exhibit several new
properties, including sensitivity to L-cis diltiazem, slight outward
rectification of the current-voltage relationship, a 10-fold in-

crease in the current activated by cAMP, and modulation by
calcium�calmodulin (Ca2��CaM) (16–23).

In addition to inhibiting CNGA1�CNGB1 channels, Ca2��
CaM inhibits CNGA2 (formerly CNG2; olfactory �) channels
(20). The mechanism underlying this inhibition is understood in
some detail. Ca2��CaM binds to an N-terminal domain of
CNGA2 and reduces the apparent affinity of the channels for
cyclic nucleotide by 10-fold. Deletion of the CaM binding site
also reduces the apparent affinity by 10-fold (24). The N-
terminal region forms an interaction with the C-terminal CNBD
of CNGA2 subunits, and the CaM-binding domain is necessary
for this interaction. Ca2��CaM disrupts this interaction, sug-
gesting a mechanism for inhibition whereby Ca2��CaM prevents
a potentiating interaction of the N-terminal region with the
C-terminal region (25). Ca2��CaM inhibition of olfactory CNG
channels is thought to underlie olfactory adaptation (26).

Previous work has identified a short domain in the CNGB1
N-terminal region that binds to Ca2��CaM (27, 28). When this
short domain is deleted, Ca2��CaM does not inhibit these CNG
channels. However, Ca2��CaM inhibition of CNGA1�CNGB1
channels is not as well understood as Ca2��CaM inhibition of
CNGA2 channels. In this study we have investigated the mech-
anism underlying Ca2��CaM-dependent inhibition in CNGA1�
CNGB1 channels. Unlike the case for CNGA2 channels, we find
that the N-terminal region of CNGB1 interacts with a C-terminal
region of CNGA1 distal to the CNBD. This CNGA1�CNGB1
interaction was prevented by deletion of the Ca2��CaM binding
site or the presence of Ca2��CaM. These results suggest a
molecular mechanism for rod channel inhibition by Ca2��CaM
where an intersubunit N- and C-terminal region interaction is
disrupted by Ca2��CaM, leading to channel inhibition.

Methods
Molecular Biology and Mutagenesis. We used a bovine CNGA1
clone as described (29) that was identical to the original isolate
(6). We added an 8-aa FLAG epitope tag (DYKDDDYK) in
place of the final five amino acids (DSTQD) of CNGA1, but this
process did not change any properties measured here (data not
shown). The bovine CNGB1 clone (22) was a gift from R.
Molday, University of British Columbia. An I2V change was
made in CNGB1 for ease of cloning, but it did not affect any
characteristics determined here (data not shown). The CNGA2
clone (7) was a gift from R. Reed, The Johns Hopkins Univer-
sity, Baltimore. CNG channel cDNAs were subcloned into the
pGEMHE vector (a gift from E. Liman, University of Southern
California) for expression in Xenopus oocytes. RNA was made
with the Message Machine kit (Ambion, Austin, TX). CNGB1
deletion mutants were made with an oligonucleotide-directed
approach and confirmed by fluorescent-based sequencing.

Electrophysiology and Analysis. In preparation for patch-clamp
recording, Xenopus oocytes were microinjected with CNG chan-
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nel RNA. CNGA1 and CNGB1 RNAs were coinjected at a 1:4
ratio, which produced a pure population of heteromeric channels
(16). Injected oocytes were incubated at 16°C and patch-clamped
within 5–8 days. We recorded currents by using the excised,
inside-out patch-clamp configuration (30) with an Axopatch
200A (Axon Instruments, Foster City, CA) patch-clamp coupled
to an ITC-16 AD converter (Instrutech, Great Neck, NY). Data
were recorded and analyzed with PULSE software (Instrutech)
and additionally analyzed with IGOR software (WaveMetrics,
Lake Oswego, OR). Currents in Fig. 1 were elicted by a pulse to
60 mV after a prepulse to �60 mV from a holding potential of
0 mV in subsaturating (50 �M) cGMP. The data in Fig. 2 were
determined from peak currents elicited by a pulse to 60 mV from
a holding potential of 0 mV in saturating cAMP (16 mM) and
saturating (2.5 mM) cGMP.

For patch-clamp recording, the internal (bath) solution con-
tained 130 mM NaCl, 3 mM Hepes, 0.2 mM EDTA, pH 7.2. The
external (pipette) solution was identical but contained 0.5 mM
niflumic acid to block endogenous Cl� currents. Niflumic acid

had no effect on CNG channels (data not shown). cGMP or
cAMP was added to the internal solution at the desired con-
centration. Internal solutions containing Ca2� were buffered
with 0.2 mM nitrilotriacetic acid such that the free Ca2� con-
centration was 1 �M as determined with the WINMAXC program
(31). The CaM (Calbiochem) concentration was 250 nM in
internal solutions. All chemicals were from Sigma unless other-
wise noted. Internal solutions were applied with an RSC-100
solution changer (Molecular Kinetics, Pullman, WA).

Biochemical Pull-Down Interaction Assays. Biochemical pull-down
experiments consisted of a ‘‘bait’’ polypeptide immobilized on
glutathione beads and a ‘‘fish’’ polypeptide with a FLAG epitope
tag that enabled detection. These fusion proteins were prepared
by using procedures as described (25, 32). To test for interactions
between polyhistidine and glutathione S-transferase (GST)-
linked fusion proteins, bait and fish were combined in buffer S
[50 mM Tris�HCl�150 mM NaCl�25 mM imidazole�1% NDSB-
256�0.5% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-

Fig. 1. Localization of a region in rod CNG channels necessary for inhibition by Ca2��CaM. (A) (Left) Cartoon image depicting coexpression of CNGA1 and CNGB1
subunits. (Center) cGMP-activated currents from wild-type CNGA1�CNGB1 channels in the absence (a and c) and presence (b) of Ca2��CaM. (Right) Time course
of current inhibition by Ca2��CaM. Arrows labeled a–c indicate points that correspond to the current traces (Center). (B) cGMP-activated currents from
CNGA1�CNGB1�2–676 channels and time course of inhibition in the presence of Ca2��CaM. (C) Lack of effect of Ca2��CaM on CNGA1�CNGB1�2–701 channels.
(D) Lack of effect of Ca2��CaM on CNGA1�CNGB1�CaM channels. Several CNG channel domains are labeled in A. GARP, glutamic acid-rich protein.
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1-propanesulfonate)�0.25% Tween-20�1 mM �-mercaptoetha-
nol, pH 7.8] and incubated with shaking for �18 h. The final
concentration of bait and fish in solution was 0.5 �M and 1.0 �M,
respectively. Protein concentration was determined with a spec-
trophotometer for a given protein sample in 6 M guanidine-HCl
and calculated by using the extinction coefficient. For pull-down
assays in which fluorescent CaM (CaM-488; Molecular Probes)
was used as fish, the concentration of CaM-488 was 100 �M. For
pull-downs where CaM (Calbiochem) was incubated with bait
and fish derived from the channel, the free Ca2� concentration
was 1 mM, EGTA was 1 mM, and CaM was 15 �M, in the
indicated combinations. Fusion proteins associated with beads
were recovered by centrifugation at 2,000 � g and washed for 5
min in 0.5 ml buffer S while shaking at 4°C. The wash and
recovery step was repeated five times. Samples were loaded and
run on SDS�PAGE gels and subsequently blotted as described
(32). Western blots were developed with the Dura Extended
chemiluminescence system (Pierce) and visualized with a
FluorChem imaging system (Alpha Innotech, San Leandro, CA).
For experiments with CaM-488, gels were visualized directly by
exciting the CaM-488 fluorophore, and the emission was also
detected with the FluorChem system.

Results
Ca2��CaM Inhibition of Rod CNG Channels. Heteromeric rod CNG
channels were formed by coexpressing CNGA1 subunits and
CNGB1 subunits in Xenopus oocytes, as depicted in Fig. 1 Left.
Throughout this article, CNGA1 subunits (and polypeptide
fragments) will be shown in blue and CNGB1 subunits (and
polypeptide fragments) will be shown in red. Currents were
recorded from excised, inside-out patches and measured after a
voltage step to 60 mV, after a prepulse to �60 mV, in the
presence of internal, subsaturating (50 �M) cGMP. Leak cur-
rents in the absence of cyclic nucleotide were subtracted from all
records.

Ca2��CaM inhibits rod CNG channels (19–23). The current in
the presence of 50 �M cGMP (Fig. 1 A Center, trace a) was
reduced about 2-fold after internal application of Ca2��CaM

(trace b). Channel inhibition was completely reversed by removal
of Ca2��CaM (trace c). The time course of channel response to
Ca2��CaM also was determined (Fig. 1 A Right). Peak current
levels at 60 mV in 50 �M cGMP were determined every 10 s
(black symbols) and were stable. Addition of 1 �M Ca2� (blue
symbols) did not affect the peak current, indicating that this
amount of Ca2� produced very little channel block. However,
addition of 1 �M Ca2� with 250 nM CaM inhibited channels (red
symbols) over a period of a few hundred seconds. Inhibition was
maintained after removal of CaM (blue symbols), but reversed
slowly upon subsequent removal of Ca2� (black symbols). The
points indicated by a-c in Fig. 1 A Right correspond to the
currents shown in the center panel.

Ca2��CaM-dependent inhibition remained intact in hetero-
meric channels when a large N-terminal region that includes the
glutamic acid-rich protein region (amino acids 2–676) was
deleted from CNGB1 (Fig. 1B), ruling out the deleted region as
a determinant of inhibition. However, successive deletion of the
next 24 aa from the N-terminal region of CNGB1 (amino acids
676–701) resulted in channels that were insensitive to Ca2��
CaM (Fig. 1C). As a second test of the importance of this region
we made an internal deletion of just 20 aa from CNGB1 (amino
acids 682–701), because this segment was sufficient for binding
Ca2��CaM (27, 28). These channels were also insensitive to
Ca2��CaM (Fig. 1D). Consistent with previous work (27, 28),
these results suggest that a short region in the N-terminal domain
of CNGB1 subunits, including amino acids 682–701, was neces-
sary for Ca2��CaM-dependent channel inhibition of hetero-
meric channels.

To determine whether mutations in CNGB1 altered the
allosteric transition leading to channel opening, we measured the
cGMP dose–response relation for all of the heteromeric chan-
nels shown in Fig. 1 and CNGA1 homomers. A fit of the Hill
equation to the dose–response relations for cGMP gave similar
apparent affinities for each channel type (Fig. 2 A, Table 1),
indicating that mutations apparently did not affect cyclic nucle-
otide-binding or channel opening. We also determined the
fractional activation of these channels by a saturating concen-
tration of cAMP, a partial agonist that opens the channels poorly
compared with cGMP (33, 34). CNGA1 homomers had a
characteristic low fractional activation by cAMP compared with
cGMP, whereas CNGA1�CNGB1 heteromers had a 10-fold
higher fractional activation (Fig. 2B). In the presence of Ca2��
CaM the fractional activation of CNGA1�CNGB1 decreased
about 4-fold, indicating inhibition of the allosteric transition.
Heteromers containing mutant CNGB1 subunits also had a high
fractional activation by cAMP, like that of wild-type heteromers
(Fig. 2B). These results indicate that mutant CNGB1 subunits
were fully able to form heteromeric channels with CNGA1
subunits and, unlike for CNGA2 channels, deletions in the
N-terminal region did not mimic the functional effects of
Ca2��CaM.

Molecular Determinants for N-and C-Terminal Interactions in CNGA1�
CNGB1 Channels. In CNGA2 channels, the mechanism underlying
Ca2��CaM-dependent inhibition is disruption of a physical

Fig. 2. Functional properties of CNG channels. (A) cGMP dose–response
relationships from a representative patch for CNGA1 (■ ), CNGA1�CNGB1 (�),
CNGA1�CNGB1�2– 676 (F), CNGA1�CNGB1�2–701 (E), and CNGA1�
CNGB1�CaM (Œ). Currents were measured at 60 mV, normalized to the
maximum value in saturating cGMP (2.5 mM), and superimposed with the Hill
equation, I�Imax � 1�(1� (K1/2�[cGMP])n), with K1/2 � 55 �M and n � 2.5. (B)
Fractional activation of CNG channels by cAMP, a partial agonist. Each channel
construct is depicted by the same symbol as in A, except for Ca2��CaM with
CNGA1�CNGB1 (bowties). Values were determined by normalizing the current
at 60 mV in saturating (16 mM) cAMP (or saturating cAMP with Ca2��CaM) to
that in saturating (2.5 mM) cGMP. Error bars represent the SEM; those not
visible are within the symbols. n is � 3 for each point.

Table 1. Gating parameters of CNG channels

Channel K1/2 (�M) for cGMP

CNGA1 62.4 � 8.2 (n � 5)
CNGA1�CNGB1 43.8 � 2.0 (n � 8)
CNGA1�CNGB1�2-676 50.7 � 8.3 (n � 4)
CNGA1�CNGB1�2-701 50.0 � 10.8 (n � 3)
CNGA1�CNGB1�CaM 50.8 � 6.3 (n � 3)

All data are mean � SEM.
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interaction between N- and C-terminal regions by Ca2��CaM
(25). Does the Ca2��CaM-dependent inhibition of rod CNGA1�
CNGB1 channels, as shown in Fig. 1, involve an N- and C-
terminal interaction? To investigate this, we performed bio-
chemical pull-down interaction assays between an N-terminal
region of CNGB1 and C-terminal regions of CNGA1 as depicted
in Fig. 3A. Bait fusion proteins were constructed by linking
N-terminal fragments of CNGB1 or CNGA2 channels in-frame
with GST and immobilizing them on glutathione beads. Bait
proteins were incubated with fish fusion proteins that were
derived from C-terminal regions of CNGA1, linked in-frame
with polyhistidine and containing a FLAG epitope tag at their
C terminus for detection. Bait and fish proteins are depicted
directly beneath regions of a generic CNG subunit to which they
correspond, with the exact range of amino acids given within the
name of each construct (Fig. 3A). Bait and fish were allowed to
interact, washed extensively, recovered by centrifugation, and
separated with SDS�PAGE. Fish proteins that interacted with
bait were detected by immunoblotting (see Methods). In side-
by-side biochemical pull-down experiments using fish proteins
corresponding to subregions of the CNGA1 C-terminal region,
we found that the CNGB1 N-terminal region did not interact
with the CNBD, but did form a strong, specific interaction with
proteins containing the distal C-terminal region of CNGA1. Just
this region, from amino acids 609 to 693, proved necessary and
sufficient for the physical interaction with CNGB1 (Fig. 3B).
This interaction has also been recently shown to regulate traf-
ficking of heteromeric channels (32). In contrast, the N-terminal
region of CNGA2 channels interacted specifically with the
CNBD of CNGA1 subunits, but not the distal C-terminal region
(Fig. 3C). Thus, while both CNGA1�CNGB1 channels and
CNGA2 channels exhibit a interaction between the N- and
C-terminal regions, the interactions are distinguished both be-
cause the N-terminal regions of CNGB1 and CNGA2 display no
sequence similarity and these N-terminal regions bind to differ-
ent C-terminal regions in CNGA1 subunits. In intact CNGA1�
CNGB1 channels, this N- and C-terminal region interaction
must be an intersubunit interaction.

Direct Binding of Ca2��CaM to CNGB1 Subunits. Previously, it was
shown that Ca2��CaM could bind to a short N-terminal region
of CNGB1 subunits (27, 28). To investigate binding in our
deletion constructs we performed biochemical pull-down inter-

action assays, in which bait proteins derived from the CNGB1
N-terminal region, as shown in Fig. 4A, were tested for an
interaction with a fluorescently labeled CaM. Fluorescent CaMs
that interacted with bait proteins were detected by using a
fluorescent imaging system after SDS�PAGE. We found that
CaM formed a physical interaction with CNGB1#677–764 in the
presence of Ca2� but not in the absence of Ca2� (Fig. 4B). In
contrast, CaM did not form an interaction with CNGB1#702–
764, in either the presence or absence of Ca2� (Fig. 4B). Thus,
an �20-aa stretch (from amino acids 677 to 701) in the N-
terminal region of CNGB1 was necessary for both binding to
Ca2��CaM and inhibition of CNGA1�CNGB1 channels by
Ca2��CaM. In a previous study, no Ca2� dependence was found
for the CaM interaction with CNGB1, but Ca2� was required for
channel inhibition by CaM (27). Our results suggest a mechanism
whereby Ca2��CaM forms a physical interaction with an N-
terminal region of CNGB1 subunits, including a necessary
region of �20 aa, and inhibits CNGA1�CNGB1 channels. This
interpretation is generally consistent with previous conclusions
(27, 28).

CNGB1 N-Terminal Ca2��CaM Binding Site Is Required for Interaction
with CNGA1. To determine whether the interaction between
CNGA1 and CNGB1 was involved in Ca2��CaM modulation, we
performed additional interaction assays. In these experiments,
we used the same bait proteins used in Fig. 4B (CNGB1#677–
764 and CNGB1#702–764) to test for an interaction with a fish
protein derived from a C-terminal region of CNGA1
(CNGA1#497–693; Fig. 4A). We detected a strong interaction
between CNGB1#677–764 and CNGA1#497–693 (Fig. 4C). In
contrast, CNGB1#702–764, which lacked the Ca2��CaM-
binding domain, did not interact with the C-terminal region of
CNGA1 (Fig. 4C). A control experiment using GST alone as bait
also did not produce an interaction with CNGA1#497–693.
These results show that the CNGB1 N-terminal region necessary
for Ca2��CaM binding was also necessary for the interaction
with the C-terminal domain of CNGA1.

Ca2��CaM Disrupts an Intersubunit Interaction. As an N-terminal
region of CNGB1 was necessary for an interaction with both
Ca2��CaM and a C-terminal region of CNGA1, we investigated

Fig. 3. Difference in molecular determinants for interdomain interactions in
CNGA1�CNGB1 channels versus CNGA2 channels. (A) Cartoon showing bait
proteins derived from CNGA2 (gray) and CNGB1 (red) and fish proteins derived
from CNGA1 (blue) located directly beneath the corresponding region of a
generic CNG subunit. The exact amino acid composition of the fusion proteins
are given by the numbers within each associated name. (B) Western blot of
biochemical pull-down interaction using CNGB1#677–764 as bait and
CNGA2#1–138 as fish. (C) Western blot using CNGA2-derived protein as bait
and the same fish proteins as in B.

Fig. 4. Requirement of N-terminal Ca2��CaM binding site in CNGB1 for
binding both Ca2��CaM and a C-terminal domain of CNGA1. (A) Cartoon
showing bait and fish fusion proteins and their position relative to a generic
CNG channel subunit. (B) Gel showing results of biochemical pull-down inter-
action assay between bait proteins CNGB1#677–764 and CNGB1#702–764 and
fluorescently labeled CaM in the presence of Ca2� or EDTA. (C) Western blot
showing results of pull-down assays with bait proteins CNGB1#677–764 and
CNGB1#702–764 and the fish protein CNGA1#497–693.
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whether Ca2��CaM could interfere with the CNGA1�CNGB1
intersubunit interaction. We performed the interaction experi-
ment between CNGB1#677–764 and CNGA1#609–693 (Fig.
5A) in the absence or presence of EDTA, Ca2�, and CaM as
indicated in Fig. 5B. When both Ca2� and CaM were present, the
interaction between CNGB1#677–764 and CNGA1#609–693
was not formed (Fig. 5B). The interaction remained intact in the
presence of EDTA and CaM, indicating that Ca2�-bound CaM
was indeed required to perturb the interaction. Thus, Ca2��CaM
disrupted the interaction between the N-terminal region of
CNGB1 and the distal C-terminal region of CNGA1.

Discussion
We have shown evidence for an interaction between the distal
C-terminal region of CNGA1 and an N-terminal region of
CNGB1 that includes the Ca2��CaM-binding site (Fig. 5C).
Here, we propose that this intersubunit interaction is critical for
Ca2��CaM modulation of rod CNGA1�CNGB1 heteromers.
Ca2��CaM binds to a site in the CNGB1 N-terminal region that
is also necessary for forming the intersubunit interaction with
CNGA1. Ca2��CaM prevents the CNGA1�CNGB1 intersub-
unit interaction in intact channels, in turn causing channel
inhibition (Fig. 5C).

The model for Ca2��CaM-dependent inhibition in CNGA1�
CNGB1 heteromers presented here predicts that deletion of the
distal C-terminal region from CNGA1 would result in channels
insensitive to Ca2��CaM. However, when we performed this
experiment, heteromeric channels were not expressed at the
membrane surface (32). Thus, the N- and C-terminal region
interaction between CNGA1 and CNGB1 subunits may be
critical not only for modulation of channels by Ca2��CaM, but

also for proper trafficking of heteromeric channels to the cell
surface.

Ca2��CaM modulates a host of ion channels by a variety of
mechanisms (for a review see ref. 35). For example, the SK class
of Ca2�-activated K� channels and L-type voltage-activated
Ca2� channels are constitutively bound by CaM in the absence
of Ca2� ion. Gating of the CaM-channel complex is affected only
upon introduction of free Ca2� ion, which activates SK channels,
but inhibits Ca2� channels (36–38). N-methyl-D-aspartate re-
ceptors are inhibited when Ca2��CaM binds to a C-terminal
region and displaces a channel domain that normally binds to the
cytoskeleton (39).

CNG channels are modulated by Ca2��CaM via mechanisms
distinct from those above. In a general sense, Ca2��CaM inhibits
both retinal rod and olfactory CNG channels by disrupting N-
and C-terminal interactions. However, there are several differ-
ences between the mechanisms of modulation in CNGA1�
CNGB1 channels and CNGA2 channels. (i) In CNGA2
channels, Ca2��CaM binds an N-terminal sequence (FQRIVR-
LVGVIRDW) with hallmark features of a ‘‘1–8-14’’ type of
Ca2��CaM binding motif (24). In this type of motif, hydrophobic
(often aromatic) residues at the 1 and 14 positions flank internal
long-chain hydrophobic residues at the 8 (and also often 5)
position (for a review see ref. 40). In CNGA1�CNGB1 channels,
the region sufficient to bind Ca2��CaM (682-LQELVKLFK-
ERTEKVKEKLI-701) bears more similarity to the consensus
sequence for IQ motifs (IQxxxRGxxxRxxF�W) but, notably,
lacks a final hydrophobic residue. Also, the CNGB1 region is not
amphipathic, unlike IQ motifs (27). These differences, plus the
finding that IQ motifs usually do not require Ca2� to bind CaM
indicates that the CNGB1 motif is perhaps best characterized as
an unconventional type of CaM-binding site, as has been sug-
gested (28). (ii) Ca2��CaM decreases the apparent affinity for
cyclic nucleotide by 10-fold in CNGA2 channels (24, 25) but only
about 2-fold for CNGA1�CNGB1 channels (27, 28). (iii) In
CNGA2 channels, deletion of the 1–8-14 domain decreases the
apparent affinity for cyclic nucleotides about 10-fold, suggesting
that Ca2��CaM disrupts a potentiating effect of this region (24,
25). In contrast, deletion of the unconventional CaM-binding
domain from CNGB1 subunits in CNGA1�CNGB1 heteromers
does not appear to affect channel gating (i.e., the apparent
affinity for cGMP and the fractional activation by cAMP remain
similar to that for wild-type channels). It should be noted that a
2-fold shift in the apparent affinity for cGMP upon deletion of
the unconventional Ca2��CaM site (once anticipated based on
the 2-fold shift in the presence of Ca2��CaM) might be difficult
to detect, as it approaches the normal range of variability for this
value in wild-type channels; however, the fractional activation by
cAMP is a more sensitive measure for a potential change in the
allosteric opening transition. In CNGA1�CNGB1 heteromers
the fractional activation by cAMP was reduced about 4-fold in
the presence of Ca2��CaM, but there was not a significant
reduction in the fractional activation by cAMP in heteromeric
channels containing CNGB1 subunits with the Ca2��CaM site
deleted. (iv) The N-terminal region of CNGA2 interacts exten-
sively with the C-terminal region of CNGA2, including the
C-linker region (the region between the S6 transmembrane
domain and the CNBD) and the CNBD, but not the distal
C-terminal region (25). In marked contrast, the CNGB1 N-
terminal region does not interact with its own C-terminal region
(32), or the CNBD of CNGA1, but rather interacts specifically
with the distal C-terminal region of the CNGA1 subunit. Sur-
prisingly, CNGA1�CNGB1 and CNGA2 channels have appar-
ently evolved independent mechanisms for inhibition by Ca2��
CaM.

The mechanism of Ca2��CaM-dependent inhibition in
CNGA1�CNGB1 does not appear to involve disruption of an
internal autopotentiating interaction. As discussed above, the

Fig. 5. Disruption of the interaction between CNGA1 and CNGB1 by Ca2��
CaM. (A) Bait proteins derived from CNGB1 (red) and fish protein derived from
CNGA1 (blue). (B) Western blot of pull-down experiments with the bait
protein CNGB1#677–764 and the fish protein CNGA1#609–693, in the pres-
ence of EDTA, Ca2�, or CaM. (C) An intersubunit interaction between the distal
C-terminal domain of CNGA1 and an N-terminal domain of CNGB1 and
prevention of the interaction by Ca2��CaM.
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N-terminal region does not appear to potentiate channel open-
ing, nor does the distal C-terminal region of CNGA1 appear to
be a region intimately involved in gating; its deletion does not
significantly affect gating of CNGA1 homomers (32). However,
we were unable to test this idea more completely in heteromeric
CNGA1�CNGB1 channels, because they were not detected at
the membrane surface when the CNGA1 subunit had the distal
C-terminal region deleted (32). Instead of disrupting a poten-
tiating interaction, Ca2��CaM disruption of the intersubunit
interaction may directly inhibit the opening allosteric transition
of CNGA1�CNGB1 channels.

In addition to being a main component of retinal rod channels,
a truncated form of CNGB1 (CNGB1b) is expressed in olfactory
sensory neurons where it forms channels with both CNGA2 and
CNGA4 subunits (41, 42). Although the stoichiometry and
arrangement of subunits in CNG channels with three different
subunits (CNGA2�CNGA4�CNGB1b) is unknown, such chan-
nels have the elements to form N- and C-terminal interactions
among CNGA2 subunits and between the CNG1B N-terminal
region and distal C-terminal regions of CNGA2 (because of
homology with CNGA1). Thus, two different N- and C-terminal
interactions involving two distinct Ca2��CaM binding sites may
form in CNGA2�CNGA4�CNGB1b channels, in turn leading to
a distinct form of modulation by Ca2��CaM. This may explain
the finding that these channels exhibit faster Ca2��CaM-
dependent inhibition than that in either CNGA2, CNGA2�
CNGA4, or CNGA2�CNGB1b channels (43, 44).

A physiological role for Ca2��CaM inhibition of native retinal
rod CNG channels is not completely understood; however, one

proposed mechanism is as follows. In the dark, when Ca2� levels
are high (�500 nM), Ca2��CaM is associated with the channel,
allowing the channel to respond to changes in higher levels of
cGMP. In the light, cGMP levels drop, CNG channels close,
leading to lower Ca2� levels (�50 nM), Ca2��CaM dissociates
from CNG channels, and channels become sensitized to changes
in lower levels of cGMP and thus reopen. By this negative
feedback mechanism, Ca2� (acting through CaM) would help
reset the circulating photoreceptor current after the light re-
sponse (19). Such a mechanism contains the components to play
a role in light adaptation. However, it has been proposed that
because adaptation occurs over a 100-fold range in amphibian
rods and Ca2�-dependent channel inhibition is over only a
2.5-fold range the contribution of this mechanism to adaptation
may be relatively small (45). Nonetheless, an important physi-
ological role for Ca2��CaM modulation of CNG channels in
adaptation cannot be ruled out (46). Interestingly, an endoge-
nous CaM-like factor is bound to native rod channels in vivo (47,
48). This factor competes with exogenous Ca2��CaM, indicating
that they likely act through a similar mechanism. The endoge-
nous factor may be more physiologically significant than Ca2��
CaM for modulation of CNG channels in native rods.
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