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Abstract

An important mechanism by which vertebrate olfactory sensory neurons rapidly adapt to odorants
is feedback modulation of the Ca2* permeable cyclic nucleotide-gated (CNG) transduction channels.
Extensive heterologous studies of homomeric CNGAZ2 channels have led to a molecular model of
channel modulation based on the binding of calcium-calmodulin to a site on the cytoplasmic amino
terminus of CNGAZ2. Native rat olfactory CNG channels, however, are heteromeric complexes of
three homologous but distinct subunits. Notably, in heteromeric channels, we found no role for
CNGAZ2 in feedback modulation. Instead, an 1Q-type calmodulin-binding site on CNGB1b and a
similar but previously unidentified site on CNGA4 are necessary and sufficient. These sites seem to
confer binding of Ca2*-free calmodulin (apocalmodulin), which is then poised to trigger inhibition
of native channels in the presence of Ca?*.

Vertebrate olfactory sensory neurons (OSNs) convert chemical stimulation by odorant into an
electrical signal. In OSNs, odorant binding to G-protein-coupled receptors stimulates an
increase in intracellular 3',5’-cyclic AMP (cCAMP) concentration. This, in turn, leads to the
opening of Ca2*-permeable CNG ion channels and the triggering of action potentials. The
olfactory signal transduction pathway can be exquisitely sensitive. It can also rapidly and
repeatedly adjust its sensitivity (or adapt) to stimulation (for review, see "¢"-1). Rapid adaptation
in OSNs is Ca2* dependent and is considered to be primarily an effect of modulation of ;CAMP
sensitivity in CNG channels?:3. The currently accepted hypothesis for the mechanism of
channel modulation is drawn from extensive studies of heterologously expressed homomeric
CNGA2 channels, which show that calmodulin, when complexed with Ca2* (Ca*-CaM),
binds to an autoexcitatory domain of CNGAZ2, resulting in a reduced steady-state cCAMP
sensitivity4—8 (for review, see "¢ 9). We have since found, however, that this hypothesis is
unsatisfactory, both mechanistically and kinetically, with respect to native channels and
adaptation of OSNs?0. For example, the binding of Ca2*-CaM to homomeric CNGA2 channels
is strongly biased toward closed rather than open channels. This is conspicuous because
modulation of closed channels would be of little use during odorant stimulation of an OSN.
Furthermore, homomeric CNGA2 channel modulation by Ca2*-CaM occurs too slowly (by
two orders of magnitude) to account for adaptation in OSNs10. Taken together, these findings
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raise anew the question of how, mechanistically, olfactory CNG channels are modulated by
Ca%*-CaM to affect adaptation.

Native olfactory CNG channels comprise three homologous subunits, CNGA2, CNGA4 and
CNGB1b1%=15_ Our previous findings indicate subunits CNGA4 and CNGB1b are crucial for
the rapid modulation by Ca?*-CaM of native channels in the open statel®, as well as for
adaptation4. Here we focus on the native heteromeric configuration of the CNG channels of
rat OSNs, addressing the possible combined contributions of CNGA2, CNGA4 and CNGB1b
to the molecular mechanism underlying Ca2*-dependent adaptation.

Native channels preassociate with a Ca2*-responsive factor

We began by examining the interaction of calmodulin with native olfactory CNG channels of
rat OSNs. We recorded CNG currents in excised, inside-out membrane patches from dendritic
knobs of these cells, while maintaining 50 uM Ca?* on the inside (cytoplasmic face) of the
patches. Immediately after patch excision, application of a high concentration of 150 uM cAMP
in 50 uM Ca2* yielded a maximal current, I sy, Of ~100 pA (Fig. 1a). When the cCAMP
concentration was changed to 7.5 uM, which is near the known concentration for half-maximal
activation (ECsg) for the channel under these Ca2* conditions'1:16, the current decreased
unexpectedly to essentially zero. For as long as the patch was held in 50 uM Ca?*, 7.5 uM
cAMP was ineffective. When we repeated the solution changes on the same patch after
extensive washing (10 min) with 10 mM EGTA, the same saturated CNG current at 150 uM
CAMP decreased to a lower but still substantial level, as had been expected for 7.5 uM cAMP
(I75). The current then decreased to near zero after addition of 500 nM calmodulin. A cAMP
dose-response analysis confirmed that the average ECsg value for the native channel, measured
at 50 pM Ca?*, was initially 27.3 uM cAMP but shifted to 8.7 uM cAMP after extensive
washing in 10 mM EGTA (Fig. 1b). This degree of shift in the ECsg was consistent with the
action of Ca2*-CaM on native channels that was reported previously10:14,

These data indicate that native olfactory CNG channels may be pre-associated with a Ca2*-
responsive factor, probably calmodulin. This is also in accordance with earlier studies of native
channels from rat?, catfish18 and frog OSNs?®, although these studies were less clear on the
molecular identification of the factor. Heterologous studies of homomeric CNGA2 channels,
however, provide a prevailing yet contradictory view of how Ca2*-CaM-dependent modulation
of native CNG channels occurs; calmodulin binds to the CNGAZ2 subunit only when it is
complexed with Ca2* and it does not preassociate with the homomeric channel*—8. We
reconciled these contradictory results by examining whether calmodulin preassociates with the
native heteromeric configuration of CNG channels to facilitate rapid Ca*-dependent
modulation of cCAMP sensitivity.

Heteromeric channels bind calmodulin in 0 Ca2*

The findings just described raised the possibility that, at the low cytoplasmic Ca2*
concentration of the resting OSN, calmodulin may already be part of the heteromeric native
channel complex and thus would be poised to modulate the channel when Ca2* is present. To
test this, we explored the prediction that there should be some Ca2* concentration below which
channels maintain high cAMP sensitivity even when bound with calmodulin. We expressed
heteromeric channels in HEK 293 cells1%~15 and then exposed them (in excised patches) to
calmodulin in different concentrations of Ca2* while monitoring the sensitivity state of the
channels to 7.5 pM cAMP. We applied 100 nM calmodulin for 30 s in 30, 10, 3, 1 or 0.1 uM
Ca?* and monitored potential modulation by binding of Ca2*-CaM as a decrease of the 7.5
uM cAMP—dependent currentl? (Fig. 2a). With decreasing CaZ* concentration, the current
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declined less rapidly, until in 0.1 uM Ca2* there was essentially no modulation. Thus a Ca2*
concentration >0.1 uM is necessary for Ca2*-CaM modulation of these channels.

There remained, however, the question of whether calmodulin associates with the channel at
or below a Ca?* concentration that does not support channel inhibition. To answer this, we
again exposed channels in a patch to calmodulin in different Ca2* concentrations (Fig. 2b). For
each condition, the patch and superfusate were then cleared for 3 s of any free calmodulin.
Finally, we challenged the channels with 50 uM Ca2*, to test whether a disposition to Ca%*-
dependent modulation had been acquired from pre-exposure to 500 nM calmodulin. Regardless
of whether calmodulin was applied in 0.1 uM Ca2*, or even in 0 Ca2*, 50 uM Ca2* induced
an identical current decline, indicating that calmodulin did indeed bind (preassociate with) the
channels in Ca2* concentrations <0.1 uM. As compared with inhibition by calmodulin in 1
uM Ca2*, however, the degree of the current decline in low Ca2*after preassociation of
calmodulin was roughly 50% less (Fig. 2b). We reasoned that this might reflect the dissociation
of some of the calmodulin during the interposed step that served to clear all free calmodulin
from the vicinity of the channels. To test this interpretation, we assessed whether the duration
of this interposed calmodulin-free step influenced the final degree of Ca2*-dependent
modulation. We recorded the extent of current decline in 0.1 uM Ca?* after two different time
periods of clearance in calmodulin-free solution. After a 2-s clearance step, the current was
reduced by 54%, whereas in the same patch, a longer clearance step of 3 s attenuated current
decline to 35% (Fig. 2b, inset). Thus, exposing a patch to calmodulin-free solution resulted in
loss of preassociated calmodulin. In the intact OSN, calmodulin is estimated to be present at
a concentration of 1-10 uM29, and it shows a robust and uniform pattern of distribution in the
cilia by antibody staining (data not shown). Therefore, as was the case during exposure to 500
nM CaM and 0.1 uM Ca2*, in the intact OSN at rest a significant fraction of the channels will
be associated with calmodulin.

These results are consistent with the hypothesis that at Ca2* concentrations <0.1 uM, CNGA2-
A4-B1b channels bind calmodulin without any effect on cAMP sensitivity. To further test this
hypothesis, we examined whether the steady-state decline of the cAMP-dependent current
varies as a function of the duration of calmodulin pre-exposure. This was indeed the case.
Steady-state current decline was reduced from 36% to 17% when the duration of pre-exposure
to calmodulin was reduced from 10 s to 1 s (Fig. 2¢). Thus, the pre-exposure time determined
the fraction of CNG channels that were sensitive to Ca2*. This further supports the idea that
in Ca2* at or below 0.1 uM, calmodulin associates with CNGA2-A4-B1b channels.

These data qualitatively show that calmodulin binds to CNGA2-A4-B1b channels in the
presence of 0.1 uM Ca2* or less without changing cAMP sensitivity—a process termed
preassociation of apocalmodulin. In the prevailing model for olfactory adaptation, however,
no association of apocalmodulin at basal Ca%* concentrations has been described*—2. On the
contrary, the calmodulin binding site identified in the N terminus of CNGA2 ("¢ %) is a classic
basic amphiphilic a-helix (Baa) motif?1, with high affinity for Ca2*-CaM and no affinity for
apocalmodulin®~7,

To test whether, in the context of the native heteromeric configuration of the channel, the Baa
motif of CNGAZ2 participates either in the binding of apocalmodulin or in subsequent channel
modulation by Ca2*-CaM, we repeated the preassociation experiment with heteromeric
channels containing a mutant CNGAZ2 subunit, CNGA2(F68A V75A) (CNGA2t). This
mutation abolishes both the binding of Ca?*-CaM to CNGA2 in vitro and the modulation by
Ca?*-CaM of homomeric CNGAZ2 channels’. CNGA2,,+-A4-B1b channels showed
preassociation and inhibition kinetics that were similar to heteromeric channels containing a
wild-type CNGA2 (Fig. 2d). Thus, integrity of the Baa motif in CNGAZ2 is not required either
for interaction with apocalmodulin or for modulation by Ca?*-CaM in heteromeric channels.
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The Baa motif of CNGAZ2 is irrelevant to Ca2*-CaM modulation

To test for any relevance of the CNGA2 Baa CaM binding site in the heteromeric channel
complex, we expressed a CNGA2 mutant that lacked this site completely>=’ (A2ACaM;
corresponding to del 86 in " ) together with CNGA4 and CNGBU1b as heteromeric channels
in HEK 293 cells (Fig. 3). In excised inside-out membrane patches, the kinetics of modulation
by Ca2*-CaM (50 uM Ca?* and 500 nM calmodulin) of CNGA2ACaM-A4-B1b channels was
largely similar to those for wild-type CNGA2-A4-B1b channels (Fig. 3b). The same was also
found with two other CNGA2 mutants when they were expressed with CNGA4 and CNGB1b;
these mutants contained either a single-residue substitution, F68A, or the double substitution
F68A VV75A (data not shown and Fig. 3b). These substitutions abolish both the in vitro binding
of Ca*-CaM to CNGA?2 and the modulation by Ca%*-CaM of homomeric CNGA2
channels’. Notably, the Baa motif in the N terminus of CNGA2 was necessary for the high
cAMP efficacy of heteromeric channels in the absence of Ca2* (Fig. 3b; compare open bars),
as was shown previously for homomeric CNGA2 channels®12. We found, however, that the
integrity and even the presence of the Baa motif in CNGA2 were not required for Ca2*-CaM
modulation of heteromeric channels (Fig. 3b). This result indicates that in heteromeric
channels, Ca2*-CaM modulation and the autoexcitatory mechanism mediated by the N
terminus of CNGAZ2 are unrelated.

IQ-type apocalmodulin binding sites control modulation

In the absence of a role for CNGAZ2, how does calmodulin associate with the native heteromeric
configuration of the channels, and by what mechanism does calmodulin facilitate Ca2*-
dependent feedback modulation of cAMP sensitivity? To answer these questions, we began
by examining CNGB1b. The gene encoding CNGB1b is expressed as several splice variants
("ef- 15 and references therein). Variant CNGB1a is expressed in retinal rod photoreceptors and
has two previously identified calmodulin binding sites (CaM1 and CaM2), both of which are
retained in CNGB1b (Fig. 4a). In addition, CNGB1b has a unique 74 amino acids at the
beginning of its N terminus. Otherwise, CNGB1a and CNGB1b are identicall1:13, Cam1,
termed an unconventional calmodulin-binding site, is located in the N terminus of CNGB1
subunits and confers a weak ability of Ca2*-CaM to alter cGMP sensitivity of native
heteromeric rod CNGA1-B1la channels?2:23, CaM2, a Baa motif, resides in the C terminus of
CNGB1 subunits and has not been ascribed any function?2:23, Expression of CNGA2 and
CNGA4 with a CNGB1b mutant lacking either CaM2 (B1bACaM?2) or the unique 74-residue
sequence (B1bA1-74) did not alter the modulatory effect of Ca2*-CaM, whereas a mutant that
lacked CaM1 (B1bACaM1) led to a loss of all sensitivity to Ca2*-CaM in the heteromeric
channels (Fig. 4b). Between residues 183 and 193 of CNGB1b (LQELVKMEKER), CaM1
resembles a generalized 1Q-type calmodulin-binding motif ({I,L,V}QxxxRxxxx{R,K})23,
which is understood to mediate binding of apocalmodulin?4—26. A mutation affecting a single
key residue, L183E, in this site specifically eliminated Ca2*-CaM modulation of heteromeric
CNG channels, while at the same time maintaining the high cAMP sensitivity in the absence
of Ca2* (Fig. 4b). Thus the integrity of a binding site for apocalmodulin in CNGB1b is
necessary for Ca2*-CaM modulation of native channels but not for high sensitivity to CAMP.

Because CNGAA is also necessary for rapid binding and modulation by Ca2*-CaM of native
channels1, we scanned it for calmodulin-binding sites?’. We found in CNGA4, between the
sixth transmembrane domain (S6) and the cAMP-binding site in the cytoplasmic C terminus,
an 1Q-type motif (LQHVNKRLERR) that is very similar in sequence to the CaM1 site in
CNGB1a and CNGB1b (Fig. 4c). This region, termed the C-linker, is thought to be an integral
part of the gating machinery of CNG channels (for review, see " 15). As for L183E of
CNGB1b, a single amino acid substitution (L292E) in this 1Q site of CNGA4 also rendered
heteromeric channels completely insensitive to inhibition by Ca2*-CaM, while maintaining the
high cAMP sensitivity in the absence of Ca2* (Fig. 4d; compare open bars). Heteromeric

Nat Neurosci. Author manuscript; available in PMC 2010 June 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bradley et al.

Page 5

channels with mutant 1Q motifs in both CNGA4 and CNGB1b, but with an intact Baa motif
in CNGA2 (CNGA2-A4(L292E)-B1b(L183E)), also did not respond at all to Ca2*-CaM (Fig.
4d), supporting our conclusion that CNGAZ2 has no function in native channel modulation by
Ca?*-CaM.

DISCUSSION

METHODS

Although the Baa motif in CNGA2 does not mediate the effect of Ca2*-CaM in the native
heteromeric channels, it is clear that it has an autoexcitatory function (it enhances the open
probability; Fig. 3b), as it does in homomeric CNGA2 channels. Because modulation of
heteromeric channels by Ca2*-CaM persists after deletion of this site in CNGA2, however, we
consider that the accepted mechanism for channel modulation, in which Ca2*-CaM acts by
simply interfering with this autoexcitatory domain*—8, is incorrect. Thus, the autoexcitatory
site of CNGAZ2 seems to exemplify a number of Baa motifs that, although characterized in
vitro as Ca2*-CaM binding sites, have in vivo functions that are unrelated to calmodulin’:28:
29 The amphiphilic helix of CNGA2 causes high cCAMP sensitivity in properly assembled
heteromeric channels, probably by interacting with other parts of the channel subunits.
Calmodulin binding in CNGA2 homomers, however, is probably an artifact arising from
homomeric subunit assembly.

Our results indicate that two 1Q-type apocalmodulin binding sites, located on CNGA4 and
CNGB1b, act together in heteromeric olfactory CNG channels to mediate feedback modulation
of CAMP sensitivity by Ca2*. The preassociation of apocalmodulin with the channel ensures
rapid feedback modulation because of the proximity of the Ca2* sensor to the Ca2* source. The
speed of feedback is further maximized by the fact that the modulation rate is independent of
channel open probability1?,

Our experiments indicate that the steady-state amount of apocalmodulin that is bound to
channels before odorant stimulation depends on the free concentration of both calmodulin and
Ca?" in the sensory cilia. The total calmodulin concentration is estimated to be 1-10 pM20 and
the resting Ca2* concentration is near 0.1 tM30, Our results indicate that under these conditions
a significant fraction of the sites on the channel complex are occupied by apocalmodulin.

The stoichiometry of the native olfactory channel complex is now thought to be 2 CNGA2:1
CNGA4:1 CNGB1b (J. Zheng and W.N. Zagotta, Biophys. J. Abstr. 84, 138A, 2003). Recent
NMR studies indicate that the CaM1 site on CNGB1b forms a 2:1 complex with Ca2*-CaM
and that both the N- and C-terminal lobes of the calmodulin molecule in that complex are
involved in binding to the two targets3. This indicates that each calmodulin molecule may be
able to link two distinct CaM1-like binding sites, possibly the two sites on CNGA4 and
CNGB1b. In olfactory CNG channels, CNGA4 and CNGB1b increase cCAMP sensitivity, so
that cAMP concentrations of a few micromolar are enough to open the heteromeric
channels1:13, Apocalmodulin seems to function as a cAMP sensitivity switch for the channel,
blocking the effects of either CNGA4 or CNGB1b, or both, when triggered by Ca2*.
Permanently associated apocalmodulin and dimerization of CNGA4 and CNGB1b by Ca?*-
CaM seem to underlie the Ca2*-dependent reduction in cAMP sensitivity of native olfactory
CNG channels and may represent the molecular mechanism of transduction-channel
modulation during rapid adaptation in vertebrate OSNSs.

Recording from channels of OSNs

OSNs were isolated from 4- to 6-week-old Sprague-Dawley rats as described?, except for the
addition (after trypsin digestion) of a 15-min incubation at 22-25 °C with DNase | (Roche 104
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159) in a solution containing 140 mM NaCl, 2 mM MgCl,, 10 mM HEPES and 2 mM EGTA
(pH 7.4; adjusted with NaOH). After trituration of the tissue, cells were plated on concanavalin
A-—coated coverslips and allowed to settle for 30 min before transfer to the recording chamber
with a bath solution containing 140 mM NaCl, 20 mM HEPES, 25 mM glucose, 2 mM
CaCl, and 1 mM MgCls, (pH 7.4; adjusted with NaOH). OSNs are bipolar cells, with single
dendrites terminating at their apical ends in knob-like structures from which emanate 10-20
sensory cilia. Cilia are often lost during tissue dissociation, and patches for inside-out
recordings were taken from the dendritic knobs. Pipette solution and 0 Ca2* superfusion
solution were the bath solution without added divalent cations and with 10 mM EGTA (pH
7.4). Superfusion solutions with 50 uM Ca2* were 30 mM NaCl, 110 mM methanesulfonic
acid, 20 mM HEPES, 25 mM glucose, 2.5 mM Na-NTA (nitrilotriacetic acid) and 0.78 mM
CaCl; (pH 7.4; adjusted with NaOH). Recordings were made at chloride equilibrium potential
(—40 mV) to suppress Ca?*-activated chloride currents.

Recording from heterologously expressed channels

Transient expression of CNG channels was driven by insertion of subunit cDNAs into pCIS
(Genentech). Cells were recorded from approximately 2 d after Ca*-phosphate-mediated
transfection of subconfluent cells in 35-mm dishes. Cells in medium were incubated for 16—
20 h with 0.125 ml of a 0.5-ml precipitate (5 pug channel plasmids at a 1:1:1 ratio, plus 0.2 ug
of a GFP- and TAg-expressing plasmid). Cells were washed once with PBS, and the medium
was replaced 16-20 h before recording with medium supplemented with 3 mM sodium
butyrate. Coexpression of CNGA2, CNGA4 and CNGB1b produces heteromeric channels that
have functional properties similar to those of native channels, and therefore probably the same
subunit composition1%=15, For inside-out recording, the pipette solution contained 140 mM
NaCl, 5 mM KCI, 25 mM glucose, 20 mM HEPES, 10 mM EGTA (pH 7.4; adjusted with
NaOH); the bath solution was the pipette solution without EGTA plus 2 mM CaCl, and 1 mM
MgCl,. For 0.1 uM buffered Ca2*, the pipette solution was supplemented with 2.5 mM EGTA
and 1.53 mM CaCl,. Test solutions of 1, 3, 10 or 30 uM Ca?* were pipette solution with 2.5
mM HEDTA and 1.09, 1.39, 2.22 or 2.34 mM CaCl,,respectively. Ca2* solutions of 50 or 200
1M Ca2* were the pipette solution with 2.5 mM Na-NTA and 0.78 or 1.76 mM CaCl,,
respectively. Before recording, we washed the inside-out patch extensively (usually 10 min)
in 10 mM EGTA until the current elicited with 7.5 uM cAMP, in either 50 uM Ca2* or 200
uM Ca2*("ef- 17) was stable and approximately half the current in 150 uM cAMP. Maximal
cAMP-induced current (Iax) Was recorded at —40 mV with 150 uM cAMP in 140 mM NacCl,
5 mM KCI, 25 mM glucose, 20 mM HEPES, 2.5 mM Na-NTA, 0.78 mM CaCl, (pH 7.4;
adjusted with NaOH). Calmodulin (0.1 or 0.5 uM) and Ca2* (indicated free concentrations)
were applied with 7.5 pM cAMP in test solutions. Currents were normalized to I,ya« (Fig. 2)
or to the maximal amplitude of the CaM response, Alcam, according to Ihgm(t) = lcam(t)/
Alcam (Figs. 3 and 4) where Icav(t) is the calmodulin-sensitive part of the current. All plots
of Inorm(t) thus run from unity (before addition of calmodulin) to zero (at steady-state channel
modulation).

Mutagenesis

Site-directed mutagenesis was carried out by standard procedures and constructs were
sequenced before functional assay.
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Figure 1.

Ca?*-dependent inhibition of native rat olfactory CNG channels. Recordings from inside-out
membrane patches excised from dendritic knobs of OSNs. (a) After excision of a patch, almost
no current is activated by 7.5 uM cAMP in 50 uM Ca?* (black trace). This Ca2*-dependent
insensitivity to 7.5 uM cAMP disappeared after 10 min of washing in 10 mM EGTA, and was
fully restored by application of 500 nM calmodulin in 50 1M Ca2* (red trace). Holding potential
was —40 mV. (b) Dose-response relationship of steady-state CNG current in 50 uM Ca2*
obtained from unwashed and washed patches. Mean + s.d. (three patches). Smooth curves were
drawn from the Hill equation, with ECsq values and Hill coefficients of 8.1 uM and 1.8
(washed) and 27.3 uM and 1.9 (unwashed).
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Figure 2.

Calmodulin preassociates with CNGA2-A4-B1b channels. (a) Ca* dependence of channel
modulation by 100 nM calmodulin. Data are from the same patch and are representative of
data from four patches. (b—d) Apocalmodulin can associate with CNGA2-A4-B1b channels
without having an effect on cAMP sensitivity. (b) Exposure of channels to 500 nM calmodulin
for 30 sin 0.1 uM Ca2* (red trace) or in 10 mM EGTA/O Ca?* (black trace) does not cause
modulation but does induce a Ca2*-dependent sensitivity that persists beyond a 3-s calmodulin-
free wash (shaded box). Data are from the same patch and are representative of data from 16
patches. Current decline (inset) after calmodulin-free wash periods (shaded box) of 2 s (blue
trace) and 3 s (red trace). Data are from the same patch and are representative of data from ten
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patches. (c) The fraction of channels that are sensitive to Ca2*-dependent current decline is a
function of the duration of pre-exposure to apocalmodulin. No apocalmodulin exposure (black
trace) and 10-s (blue trace) and 1-s (red trace) pre-exposures to apocalmodulin are shown. Data
are from the same patch and are representative of data from seven patches. (d) A double point
mutation affecting the Ca?*-CaM binding site in CNGA2 (F68A V75A; A2,,,¢) does not
perturb preassociation of apocalmodulin to CNGA2-A4-B1b channels or channel modulation
by Ca2*-CaM. Data are from the same patch and are representative of data from six patches.
All records were made at —40 mV. Currents were normalized to the maximal amplitudes,
Imax, Of each trace. Currents at 7.5 uM cAMP (l75) were used to test CaM effects.
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Figure 3.

Ca%*-CaM modulation of CNGA2-A4-B1b channels does not involve the N-terminal Baa motif
of CNGA2. (a) Schematic representation of the three rat olfactory CNG channel subunits,
showing transmembrane regions S1-S6 (gray) and binding sites for calmodulin (black) and
cAMP (crosshatching). Asterisks in the calmodulin-binding site identify amino acids targeted
for mutagenesis; numbers are signature residues of the 1-8-14-type Baa Ca2*-CaM-binding
sites. (b) Left, current decline owing to channel inhibition by 500 nM calmodulin in 50 pM
Ca?* (black bar) in inside-out patches of HEK 293 cells expressing (upper) CNGA2-A4-B1b
or (lower) CNGA2,,,+-A4-B1b channels that lack the 1-8-14-type Ca2*-CaM binding site
(deletion of residues 61-90). All records were obtained at +40 mV with 50 uM Ca2* and 10
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wM cAMP for all subunit compositions, except for those with A2ACaM, where 30 uM was
used. Currents were normalized to the amplitude of the CaM effect. Right, concentrations for
half-maximal channel activation (ECsg; mean % s.d. of five cells) without calmodulin (open
bars) and with fully developed Ca2*-CaM modulation (black bars) of CNGA2-A4-B1b
channels and CNGA2,,-A4-B1b channels.
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Figure 4.

Calmodulin-binding sites in CNGB1b and CNGA4 that mediate Ca*-CaM modulation of
CNGA2-A4-B1b channels. (a) Schematic representation of the three rat olfactory CNG
channel subunits, showing transmembrane regions S1-S6 (gray) and binding sites for
calmodulin (black) and cAMP (crosshatching). Sequence represents the 1Q-type
apocalmodulin-binding site in the N terminus and 1-8-14-type Ca2*-CaM-binding site in the
C terminus of CNGB1b. Numbers are signature residues of the 1-8-14-type motif in CNGB1b;
asterisk in CaM1 identifies leucine, which was targeted for mutagenesis. (b) Left, CNGA2-
A4-B1b channels become insensitive to Ca2*-CaM after deletion of the 1Q-type CaM1 site of
the CNGB1b subunit or an L183E substitution in CaM1. Deletion of the CaM2 site or the N-
terminal 74 CNGB1b-specific residues does not compromise calmodulin sensitivity. Right,
concentrations for half-maximal channel activation (ECsq; mean * s.d. of five cells) without
calmodulin (open bars) and with fully developed Ca?*-CaM modulation (black bars) of
CNGA2-A4-B1b channels and CNGA2-A4-B1bpy,; channels. (c) Schematic representation of
the three rat olfactory CNG channel subunits, showing transmembrane regions S1-S6 (gray)
and binding sites for calmodulin (black) and cAMP (crosshatching). Sequence represents the
IQ-type apocalmodulin binding site in the C-linker of CNGAA4; asterisk identifies leucine 292,
which was targeted for mutagenesis (d) Left, channel inhibition is lost when CNGA2-A4-B1b
channels contain a mutant CNGA4 subunit in which a L292E exchange disables the 1Q-like
calmodulin-binding site in the C-linker. Right, CNGA2-A4,,+-B1b channels examined as in
b. All records were obtained at +40 mV with 50 uM Ca2* and 10 uM cAMP for all subunit
compositions. Currents were normalized to the amplitude of the CaM effect.
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