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Facilitation of Calmodulin-
Mediated Odor Adaptation by
cAMP-Gated Channel Subunits

Jonathan Bradley,"2* Dirk Reuter,’t Stephan Frings'}

Calcium (Ca?*) influx through Ca®* -permeable ion channels plays a pivotal role
in a variety of neuronal signaling processes, and negative-feedback control of
this influx by Ca®™ itself is often equally important for modulation of such
signaling. Negative modulation by Ca?* through calmodulin (CaM) on cyclic
nucleotide—gated (CNG) channels underlies the adaptation of olfactory recep-
tor neurons to odorants. We show that this feedback requires two additional
subunits of the native olfactory channel, CNGA4 and CNGB1b, even though the
machinery for CaM binding and modulation is present in the principal subunit
CNGA2. This provides a rationale for the presence of three distinct subunits
in the native olfactory channel and underscores the subtle link between the
molecular make-up of an ion channel and the physiological function it

subserves.

Vertebrate olfactory signal transduction in-
volves activation of specific neuronal het-
erotrimeric GTP-binding protein (G pro-
tein)—coupled receptors by odorant mole-
cules. This in turn stimulates adenylyl cy-
clase, and the resulting increase in
intracellular adenosine 3’,5’-monophos-
phate (cAMP) concentration causes CNG
channels (/) to open and the olfactory re-
ceptor neuron (ORN) to depolarize to firing
threshold (2). Olfactory CNG channels
have a substantial Ca?* permeability (3),
which triggers adaptation of ORNs (4-6).
One major component of this adaptation is
thought to involve negative modulation of
CNG channels by Ca2*/calmodulin (Ca?*-
CaM) association (5-8). The native olfac-
tory CNG channel is a heteromeric com-
plex of a principal subunit, CNGA2, and
two modulatory subunits, CNGA4 and
CNGBI1b (neither of which forms function-
al CNG channels by itself, but each of
which increases the sensitivity of CNGA2
to cAMP) (9-12). In whole-cell recording
experiments on ORNs, the negative-feed-
back modulation of the channel by Ca2™ is
fast, reaching a steady state in less than 500
ms (5). However, inside-out membrane
patch recording experiments on heterolo-
gously expressed homomeric CNGA2
channels have shown that feedback inhibi-
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bryonic kidney (HEK) 293 cells (/4) pro-
duced a current that declined about 100
times more slowly (Fig. 1B). In excised
membrane patches (taken from the same
HEK 293 cells before and after the Ca?*-
dependent current decline), there was a
shift in the steady-state dose-response rela-
tion between current activation and cyclic
nucleotide concentration, and this shift was
reproduced with CaM (Fig. 1C) (/5). De-
spite the shift in the dose-response relation,
the maximum current remained unchanged,
suggesting that the single-channel current
would also remain unchanged. Consistent
with previous results (7), direct single-
channel recording (/6) confirmed that
Ca?*-CaM decreased the open probability
(P,) of the channel without affecting its
conductance. These data suggest that bind-
ing of Ca2*-CaM suppresses the current by
reducing P, and that this inhibition can be
overcome with a higher ligand concentra-
tion. Thus, in the steady state, when Ca2™*-

tion is much slower (/3), suggesting the
possible influence of modulatory CNG sub-
units on channel inhibition by Ca?*-CaM.

To examine the response of native CNG
channels in rat ORNs to cAMP, we used
flash photolysis of caged cAMP that was
introduced into the cell (/4) (Fig. 1A). The
current that was activated by photoreleased
cAMP rapidly declined to base line within
~500 ms, regardless of whether the acti-
vated current was small or near saturation
(Fig. 1A). Current decay was not observed
in the absence of extracellular Ca?* (Fig.
1A, inset), indicating that it depended on
Ca?* influx. In contrast, homomeric
CNGA2 channels expressed in human em-

CaM is bound to the CNG channel, it likely
influences the gating process (/7). Taken
together, these data show that the decline of
the cyclic nucleotide-activated current un-
der whole-cell conditions is the conse-
quence of a Ca?*-CaM-mediated decline
of the channels’ ligand sensitivity, which
causes a reduction of P, at submaximal
ligand concentrations.

The kinetic difference in current decline
between native and CNGA2 channels could
be attributed to effects of the modulatory
subunits on the mechanics of the Ca?*-
CaM modulation. To examine this possibil-
ity, we expressed the three CNG subunits in
all combinations and, for each combina-
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Fig. 1. Ca?*-CaM inhibits olfactory CNG channels in the whole-cell configuration. (A)
Transient activation of CNG channels in an isolated rat ORN by photolysis of caged cAMP (74).
The whole-cell inward current (/) at —50 mV is shown during photolysing light flashes of 10,
20, or 50 ms (arrow). The 50-ms flash induced maximal channel activation, because four
additional 50-ms flashes (arrowheads) prolonged the CNG current but did not increase its
amplitude. In Ca2*-free bath solution, a 50-ms flash induced a larger and sustained current
(inset), reflecting relief of blockage by Ca?* and lack of Ca?*-dependent inhibition. (B) Current
transient induced by photolysis of 8-Br-cGMP at —70 mV in an HEK 293 cell expressing rat
CNGA2 (74). (Inset) The difference in time course of inhibition between native and CNGA2
channels. (C) Macroscopic dose-response relations for CNGA2 channel activation by cGMP (75)
show that the current declines in the whole-cell recordings were caused by Ca?*-CaM. cGMP
sensitivity of CNGA2 channels is high before the photolysis experiment in (B) (before
inhibition: K,,, = 1.7+ 0.3 uM, n = 2.5 = 0.9) and reduced after complete decay of the
photolysis-induced current (after inhibition: K,,, = 143 *29 pM, n = 2.3 £0.3). This
increase in K, ,, was reproduced in the same patches by Ca?*-CaM (+CaM; K,,, = 12.0 * 2.8
pM, n = 2.8 * 0.3). Values (mean * SD) are from seven cells.
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tion, recorded the kinetics of Ca?*-CaM—
mediated inhibition in excised inside-out
patches (18). Homomeric CNGA2 channels
responded much more slowly to the appli-
cation of 1 uM CaM than native channels
or channels containing all three subunits
(CNGA2A4BI1b) (Fig. 2A), consistent with
the whole-cell result (Fig. 1). CNGA2
channels also recovered more rapidly when
Ca?"-CaM was removed. Overall, there
was not much difference in inhibition rate
with CNGA2 alone or in combination with
either CNGA4 or CNGBIb. However,
coassembly of all three subunits resulted in
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Fig. 2. The rate of Ca?*-CaM-induced current
decline is determined by channel subunit com-
position. (A) Homomeric CNGA2 channels
(top) displayed slower decline and faster recov-
ery than native channels (bottom left) and
CNGA2A4B1b channels (bottom right). Inside-
out recordings were made during alternating
voltage pulses (=40 mV) with 100 uM cAMP
(CNGA2) or 10 uM cAMP (native and
CNGA2A4B1b), resulting in a mean initial P,
before CaM application of 0.7 to 0.9 (23). Cur-
rent declined in response to application of 150
uM Ca?* and 1 M CaM, and recovered upon
CaM removal in Ca?*-free solution. (B) Time
course of inhibition of native channels and of
channels with the indicated subunit composi-
tions during exposure to 150 uM Ca?* and 1
M CaM. Currents recorded at an initial P, of
0.7 to 0.9 were normalized to the amplitude of
the CaM response (79).
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a rapid inhibition by Ca?*-CaM (Fig. 2B)
that was comparable to that of the native
channel.

The slower rate of current decline in the
absence of the modulatory subunits could
have resulted from a slower rate of Ca?*-
CaM binding or from a slower response of
the channel after Ca?*-CaM association.
To test these possibilities, we performed a
CaM pulse experiment. For homomeric
CNGAZ2 channels, a prolonged, 100-s pulse
of CaM in the continuous presence of ex-
cess Ca?* produced slow inhibition of the
c¢GMP-induced current (Fig. 3A). Shorter
pulses also produced current decline but
during the Ca?*-CaM pulse only; current
stopped at the removal of CaM and stayed
approximately constant in the continuous
presence of excess Ca?*. This indicated
that CaM binding is rate-limiting for the
development of inhibition. Furthermore,
the sustained inhibition upon removal of
CaM at constant Ca2* shows that dissoci-
ation of Ca?*-CaM from the channel is
much slower than association. Assuming
that this dissociation is infinitely slow, the
on-rate of Ca?*-CaM becomes simply
proportional to the reciprocal of the time
constant of current decline (/9). From
such measurements on CNGA2 and
CNGA2A4B1b channels (for which the dis-
sociation is likewise slow) (20) at different
CaM concentrations (Fig. 3, B and C), the
rate constant for fast Ca?*-CaM associa-

Fig. 3. Modulatory subunits increase rate of
Ca%*-CaM association with channels. (A)
CaM association is the rate-limiting step for
current decline. Three superimposed current
recordings were made at 300 uM Ca?* and 5
KM cGMP from an inside-out membrane
patch with CNGA2 channels that were chal-
lenged successively with 500 nM CaM for
periods of 12, 25, and 100 s. Between record-
ings, CaM was washed off the patch in Ca?*-
free solution. Inhibition freezes upon removal
of CaM from the patch (at constant Ca?™*
concentration), demonstrating that the
Ca2?*-CaM association step is rate-limiting
for current decline. Current recovery in the
absence of bath CaM (at constant Ca?*) is
much slower than association. (B) Depen-
dence of the rate of current decline on CaM
concentration with CNGA2 channels. Five re-
cordings from the same patch were made at
+40 mV with 5 uM cGMP and 300 pM Ca2*
during application of 2600, 1300, 900, 500,
and 200 nM CaM (from left). (C) Dependence
of the rate of current decline on CaM con-
centration with CNGA2A4B1b channels. Cur-
rent recordings were made at +40 mV with 3
uM cGMP and 50 pM Ca?* during applica-
tion of 36, 18, and 2 nM CaM (from left). The
time course of CNGA2A4B1b channel inhibi-

tion with the channels, k, could be ob-
tained (Fig. 3D) (19, 21). We derived k,
values of 6.7 X 10* M~! s™! for CNGA2
channels and 1.7 X 107 M™! s7! for
CNGA2A4B1b channels, representing a
>200-fold difference in on-rate. According-
ly, the inhibition time course of CNGA2
channels at 900 nM CaM matched fairly well
that of CNGA2A4B1b channels at 2 nM CaM
(Fig. 3C).

What is the mechanism underlying the
slow kinetics of Ca2*-CaM association to
homomeric CNGA2 channels? One possi-
bility is that the association depends on
whether the channel is in the open or closed
state (22). To address this possible state
dependence, we measured the time course
of current decline during application of
Ca?*-CaM at various concentrations of
cGMP, i.e., at different initial levels of P_.
The rate of CaM binding to homomeric
CNGA2 channels depended on the P_ of
channels before CaM was applied (mean
initial P_) (23) (Fig. 4A). In contrast, for
CNGA2A4B1b channels, the time course
of current inhibition showed no such P
dependence (Fig. 4B). For CNGA2 chan-
nels, k; decreased >10-fold when P_ was
increased from near 0 to 1 (Fig. 4C). How-
ever, CNGA2A4B1b channels showed no
decrease in k; over the entire P, range.
Furthermore, even at a P_ near zero (when
the channel is in the closed state), the k. of
Ca?*-CaM for CNGA2A4Bl1b channels
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tion at 2 nM CaM corresponds to the time course of CNGA2 channel inhibition at 900 nM
(smooth line). (D) Determination of rate constants for fast Ca?*-CaM association with the
channels (k) from the fast time constant of inhibition (1/7,,., = k[CaM]) (79) yields 6.7 X 10*
M~1s~7 for CNGA2 channels and 1.7 X 107 M~" s~ for CNGA2A4B1b channels. (Inset) The
CNGA2A4B1b data on an extended scale of CaM concentrations.
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was at least 10-fold higher than for CNGA2
channels.

For the negative-feedback modulation
by Ca?*-CaM to produce rapid adaptation
of the ORN at strong odor stimulation,
Ca%?*-CaM must bind effectively to the
open state of the CNG channel. Because
Ca2*-CaM binds better to a closed rather
than open homomeric CNGA2 channel, its
inhibitory effect upon binding would be of
little use during odorant stimulation. We
find that only in the presence of CNGA4
and CNGBI1b, the two modulatory CNG
subunits of the olfactory CNG channel, can
Ca?*-CaM bind rapidly to the open state.
In rod phototransduction, a negative feed-
back by Ca?*-CaM on the CNG channel
likewise exists, with preferred binding to

the closed rod channel (24). However, in_

contrast to olfactory CNG channels in
ORNSs, rod CNG channels in photoreceptor
cells always operate at very low levels of
P_ (25), so that state dependence of Ca®™-
CaM binding to the closed channel would
not compromise the feedback inhibition.
Because CNG channels mediating visual
transduction in retinal rod photoreceptors
are composed of CNGA1 (/), a homolo-
gous principal subunit to olfactory
CNGA2, and CNGBla, an alternatively
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5,and 10 wM cGMP
(from left). P be-
fore addition of 500 nM CaM was 0.35, 0.88,
and 0.98, respectively. (B) Time course of cur-
rent decline in CNGA2A4B1b channels did not
depend on initial P,. Three recordings are
shown at 0.9, 2, and 3 uM cGMP during appli-
cation of 50 nM CaM (50 uM Ca?™). Initial P,
was 0.22, 0.54 and 0.82, respectively, and no
significant difference in 7, (1.2 to 1.3 s) was
detected. (C) Rate constant of fast Ca?*-CaM
association, k;, changes markedly with P for
CNGA2 channels but shows no P_ dependence
in CNGAZ2A4B1b channels.

REPORTS

spliced form of the olfactory CNGB1b sub-
unit, we conclude that the CNGA4 subunit
contributes a specific function for olfactory
adaptation. In ORNs, where CNG channels
reach high levels of P, the CNGA4 subunit
facilitates Ca®*-CaM binding to open
channels and, hence, transforms the nega-
tive feedback by Ca®*-CaM into the rapid
and state-independent control mechanism
that is needed for olfactory adaptation
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