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ABSTRACT Native cylic nucleotide-gated (CNG) channels
are composed of @ and 8 subunits. Olfactory CNG channels were
expressed from rat cDNA clones in Xenopus oocytes and studied
in inside-out patches. Using tandem dimers composed of linked
subunits, we investigated the stoichiometry and arrangement of
the « and 3 subunits. Dimers contained three subunit types: o,
Bwt, and ay,. The o, subunit lacks an amino-terminal domain
that greatly influences gating, decreasing the apparent affinity of
the channel for ligand by 9-fold, making it a reporter for
inclusion in the tetramer. Homomeric channels from injection of
Oyt dimers and from a, monomers were indistinguishable.
Channels from injection of oy, dimers had apparent affinities
3-fold lower than a,« homomultimers, suggesting a channel with
two oy and two oy, subunits. Channels from coinjection of
ooty and B dimers were indistinguishable from those com-
posed of & and 3 monomers and shared all of the characteristics
of the a+ 3 phenotype of heteromeric channels. Coinjection of
ooy and BB dimers yielded channels also of the a+ 3 pheno-
type but with an apparent affinity 3-fold lower, indicating the
presence of a,, in the tetramer and that a+f channels have
adjacent a-subunits. To distinguish between an a-a-a-f3 and an
a-a-f3-B arrangement, we compared apparent affinities for
channels from coinjection of oy oy and Bay or oy and By,
dimers. These channels were indistinguishable. To further argue
against an a-a-a-f3 arrangement, we quantitatively compared
dose-response data for channels from coinjection of aya;, and
B dimers to those from « and 3 monomers. Taken together, our
results are most consistent with an a-a--8 arrangement for the
heteromeric olfactory CNG channel.

Cyclic nucleotide-gated (CNG) channels are best known for their
role in sensory neurons in the transduction of external stimuli into
an electrical signal (1-4). Since the initial cloning of CNG
channels from retinal-rod photoreceptors (5) and from olfactory
sensory neurons (6, 7), they have also been found to be expressed
in testes, kidney, heart, and brain (8—11). It appears that many
kinds of cells use CNG channels as part of their repertoire in
shaping their response to extracellular signals and as a mode of
Ca?* entry (12). In olfactory receptor neurons, cell-surface
receptors that recognize a vast array of odorants use a G
protein-mediated signaling pathway to stimulate adenylyl cyclase,
and the resulting increase in cAMP concentration opens CNG
channels (4). Cation influx through CNG channels depolarizes
the cell and increases intracellular Ca?* concentrations (13). Both
the olfactory and rod classes of CNG channels are also found in
the hippocampus (11), where they may play a role in memory and
learning (14).

The putative topology of all known CNG subunits is similar to
voltage-gated K* channels, with six membrane-spanning seg-
ments and a pore-forming P region. CNG channels, however,
have an additional cyclic nucleotide-binding domain in their
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intracellular carboxyl-terminal region that exhibits sequence sim-
ilarity to other cyclic nucleotide-binding proteins. Recently, the
amino-terminal region of the olfactory a-subunit has been shown
to potentiate channel activation by interaction with the carboxyl-
terminal region (15). Ca?*/calmodulin inhibits these channels by
binding to the amino-terminal domain and preventing this auto-
excitatory interaction (15, 16).

Like K* channels, CNG channels are thought to form as
tetramers of four subunits arranged around a central, ion-
conducting pore (17-19). Native rod and olfactory CNG channels
are thought to be composed of at least two types of subunits, «
and B (20-22). The olfactory B-subunit exhibits 52% sequence
identity to the a-subunit and 30% sequence identity to the rod
B-subunit. It is expressed throughout the nasal epithelium, espe-
cially in olfactory sensory neurons, and in the vomeronasal organ
(20, 22, 23). The olfactory B-subunit does not form cyclic nucle-
otide-activatable channels by itself. However, incorporation of
the B-subunit into heteromeric channels with the a-subunit has a
profound effect on the behavior of the olfactory channel, greatly
increasing the apparent affinity for cAMP, as well as altering its
voltage-dependence and rectification properties (20, 22).

We wished to ascertain the stoichiometry and arrangement of
the subunits of heteromeric a+ g olfactory CNG channels. Our
approach was to generate tandem dimer constructs containing
two subunits placed in tandem in a single open reading frame,
separated by a short linker. These dimers were constructed from
two types of a-subunits and the B-subunit. One of the a-subunits
(am) was mutant, containing a deletion in the amino-terminal
region that strongly affects its apparent affinity for agonist (15,
16) and makes it a robust reporter for inclusion in the channel
tetramer. We injected a number of combinations of these tandem
dimers, alone or in pairs, and observed the characteristics of the
CNG channels that formed. The conclusions of this study are
predicated on certain basic assumptions: (i) CNG channels are
tetramers; (i) there is a fixed or preferred assembly of subunits,
and the phenotype of expressed channels arises from a single
population of channels; (i) linking subunits together as dimers
has no effect on subunit behavior and does not force assembly of
subunits into an arrangement different from their preferred
arrangement; (iv) when both subunits of a dimer incorporate into
the channel, the subunits are neighboring; and (v) although the
first subunit may, under certain circumstances, incorporate into
the channel without the second subunit, the second subunit never
incorporates into the channel without the first subunit. In this
study, we present evidence supporting many of these assumptions,
suggesting that o+ heteromultimers have two a-subunits and
two B-subunits and that they are arranged in an a-a-3-f config-
uration.

MATERIALS AND METHODS

The c¢cDNA for the a-subunit and the B-subunit of the rat
olfactory CNG channel were kindly provided by the laboratories
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of R. R. Reed (The Johns Hopkins School of Medicine, Balti-
more, MD) and Kai Zinn (California Institute of Technology,
Pasadena, CA), respectively. These cDNAs were separately sub-
cloned into a high-expression vector (kindly provided by E. R.
Liman, Harvard University, Boston, MA) that contains the
untranslated sequences of the Xenopus B-globin gene (24). In
general, the oocyte expression, solutions, and electrophysiology
were like those previously described (25). Briefly, Xenopus oo-
cytes were injected with in vitro-transcribed RNA coding for
channel subunits, incubated for 3-7 days, and patch-clamped in
the inside-out configuration. Intracellular and extracellular solu-
tions contained 130 mM NaCl, 0.2 mM EDTA, and 3 mM Hepes
(pH 7.2). For some experiments, niflumic acid (500 uM) was
added to the pipette (extracellular) solution to reduce endoge-
nous Ca?*-activated Cl~ currents. Cyclic nucleotides were added
to the internal solution at the concentrations indicated. The o,
subunit has a deletion from E50 to R92. It was generated by using
a method based on PCR like that previously described (26) and
was verified by sequence analysis. The first subunit of a tandem
dimer was wild-type and joined to the following subunit by a 21-aa
linker consisting of the sequence QQQQQQQQIEG-
ROQQOQOQQQA. The a-subunit as the second subunit of a
dimer was the oy, Or oy, subunit with an M2V mutation to create
an Ncol cut/splice site. The B-subunit as the second subunit of a
dimer had an S2G mutation to create an Ncol cut/splice site.

For the data presented here, dimer coinjections were done at
a ratio of 1:1, and monomer coinjections at a ratio of 4:1 or 2:1
(a:B). Data from coinjection of a« and B dimers at a ratio of 4:1
were very similar to those at a ratio of 1:1, and data from
coinjection of @ and 8 monomers at a ratio of 20:1 were similar
to those at 4:1 (data not shown), indicating the ample supply of
B-subunits to form channels of the preferred arrangement for the
experiments in this study. Because of the large effect of the
B-subunit on the apparent affinity of channels for cAMP, we can
estimate an upper limit for the fractional population of channels
that could have been a-homomultimers in experiments that
produced a+ B heteromultimers. We modeled the dose—response
data from the aa+ BB coinjections as resulting from a mixed
population of these two channel types, and estimate that no more
than 25% of the channels could have been a-homomultimers
(data not shown). All currents were tested for desensitization as
shown in Fig. 2D. For those without desensitization, voltage
pulses were applied every 3-5 sec. For those that desensitized,
cyclic nucleotide-free solution was perfused for a minimum of 20
sec between each application of ligand. Voltage pulses were
applied every 1 sec, and on application of ligand, the largest
current was used for the measurement. Using this protocol, we
estimate that errors from desensitization were seldom greater
than 15% for any given measurement.

RESULTS

We studied cloned rat olfactory CNG channels expressed in
Xenopus oocytes. Several days after injecting oocytes with RNA
coding for either subunit monomers or tandem dimers, we
recorded CNG currents from inside-out patches pulled from
oocyte membranes. Cyclic nucleotides were applied to the intra-
cellular side of the patch, and the currents in the absence of cyclic
nucleotides were subtracted. Currents were usually recorded by
using a successive-pulse protocol to —60 and 60 mV from a
holding potential of 0 mV (Fig. 1 Inset). Oocytes injected with
RNA coding for wild-type a-subunit monomers produced CNG
currents with properties very similar to those previously described
for olfactory a-homomultimers (Table 1; refs. 6, 27). The o
subunit lacks amino acids 50-92 in the amino-terminal region,
shown to contain an autoexcitatory region that potentiates CNG
channel gating and the site of modulation by Ca?*/calmodulin
(15, 16). Dose—response data for activation of oy, homomultimers
by cAMP showed that the concentration of ligand that activates
half the maximum current (K ) is shifted to higher concentra-
tions by about 9-fold relative to a channels. Additionally, for
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FiG. 1. Currents from injection of RNA for wild-type olfactory awiowt
homodimers (4) and for awiam heterodimers (B) activated by a range of
concentrations of cAMP. The voltage-pulse protocol is shown in the Inset.
(C) Data are normalized dose—response relations at 60 mV from patches
with channels from injection of aw: monomers (bows), awiawt ho-
modimers (squares), Or awam heterodimers (circles) for activation of the
channels by cAMP (filled symbols) or cGMP (open symbols). Superim-
posed on the data are fits to the dimer data of Hill equations of the form
I = Inax {[cNMP]"/(K{,; + [c(NMP]*)}, where [c(NMP] is the concentra-
tion of ligand, Kj,> is the concentration that produces half-maximal
current, and # is the Hill slope. For awtowt, K12 = 70 uM and n = 1.9
for activation by ;cAMP and K2 = 2.4 uM, and n = 2.5 for activation by
c¢GMP and Inax was set to unity. For awtom, Ki/2 = 269 uM, n = 2.0 and
Imax = 0.89 for activation by cAMP, and K> = 7.8 uM and n = 2.7 for
activation by cGMP and Iiax Was set to unity. (D) The dose—response data
for activation of oo dimers (squares) and awiam dimers (circles) by
cAMP are replotted from (C). Also plotted are dose—response data for
activation of oy, monomers (triangles) by cAMP. Superimposed on the
data are fits to Scheme 1. K = 1050 M~! for all three curves. For awows,
L = 200, and for am, L = 1.86. The prediction of Scheme 1 for the case
of a channel with two ay¢-subunits and two amy,-subunits is based on the
assumption of a concerted final transition among the subunits from closed
to open (19), which predicts L = 19.4. The curve superimposed on that
data is this prediction.

these channels, saturating cAMP can activate only 61 * 1% (n =
6) of the current activated by cGMP, compared with o, channels
that can produce as much current by saturating cCAMP as by
cGMP (Imax, cAMP/Imax, «emp = 098 = 0.02,n = 12) (Flg 1D;
Table 1). These data indicate that expression of o, momomers
yields homomeric channels with properties very similar to oy
channels in the presence of Ca’*/calmodulin; that is, with
reduced apparent affinities for cyclic nucleotide and a reduction
in the maximum current elicited by saturating cAMP (15, 16).

We can understand these gating alterations by considering
a simplified model of CNG channel gating (25):

¢cNMP  cNMP
C=—— C=——C=0
2K K/2 L
Scheme 1

where C and O represent closed and open channels and K and L
are the equilibrium constants for the initial binding of ligand and
for the allosteric conformational change, respectively. This model
considers that the opening of the channel involves the indepen-
dent and identical binding of two cyclic nucleotides followed by
a concerted allosteric opening transition. At saturating concen-
trations of cyclic nucleotide, at which the channels are fully
ligand-bound, the open probability (P,) is given by L/(L + 1)
where, in general, L depends on the channel and on the ligand.
For homomeric oy, and homomeric a, channels, L is so large for
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Table 1. Gating paramaters of channels from injections of the indicated RNA
Kip, uM
cAMP cGMP n (60 mV) 176(]m\//16(] mV Desensi-

RNA injected 60 mV —60 mV 60 mV —60 mV cAMP cGMP cAMP cGMP tization

Q¢ MONO 83+3 89 +3 277 +=0.13  2.85x0.11 233 +0.06 2.56=*0.07 0.79=*=0.01 0.81 =0.02 No
n =26 n =26 n=10 n=10 n=25 n=10 n =28 n=12

O MONo 715 £ 51 ND ND ND 1.77 = 0.14 ND ND ND No
n=>5 n=3

awt + Bmono 105+ 08 169 = 1.0 52+1.2 12.8 £ 1.6 1.5+0.1 1.3 +0.1 0.51 £0.01  0.49 =0.02 Yes
n =20 n =20 n=4 n=4 n=20 n=4 n =44 n =29

am + B mono 53+3 82+ 10 12+1 21 +1 1.46 + 0.05 1.36 £ 0.07 0.60 =0.02 0.54 = 0.02 Yes
n=>5 n=>5 n=2 n=2 n=>5 n=>5 n=4 n=2

Oyttt 65 +2 76 £ 5 23+0.2 24 +0.2 2.06 =0.07 256 +0.08 0.78*=0.1 0.81 = 0.01 No
n="17 n="17 n= n=7 n="17 n="17 n="17 n="17

Ot tQm 257 =8 274 =8 8903 9504 230004 279+0.04 0.77=0.01 0.79 =0.01 No
n=16 n=16 n=15 n=15 n=16 n=15 n=15 n=15

awawt + BB 85+04 185=*15 5.6 +0.3 99*+1.2 1.36 = 0.05 1.19 £0.06 0.57=*=0.01 0.52=0.02 Yes
n=14 n=14 n=11 n=10 n=14 n=14 n=13 n=9

awtam + BB 284 +37 47.6+44 9.1*+1.1 93=+1.1 1.21 £0.07 1.61 £0.10 0.62+0.02 057 =0.04 Yes
n=14 n=14 n=10 n=9 n=14 n=10 n=14 n=9

awtwt + Bowe 153+ 1.7 214*+19 35+05 4.4 +05 1.26 £ 0.11 116 =0.06 0.55=0.02 0.60 = 0.02 Yes
n="17 n=>5 n= n=4 n="17 n=>5 n=>5 n=4

awtawt + Bam 11.8 13 19.6 2.2 4.6 +0.5 8.1=*1.1 1.41 £0.07 1.50=*=0.08 0.54=0.02 0.54 =0.03 Yes
n=10 n=717 n= n=>5 n=2=8 n=4 n=7 n=4

QwtQm T Bam 33.6 252 469 3.6 74+03 8.4+ 0.6 1.25+0.04 1.18+0.04 0.64 £0.01 0.62 *=0.02 Yes
n=10 n=10 n=9 n=9 n=10 n=10 n=10 n=9

The first six paramaters are from fits of the data to Hill equations of the form in Fig. 1. The current ratios are ratios of the Imax from the Hill
equations fits, and are thus saturating currents elicited by cAMP or cGMP. Desensitization was measured by observing any current decline during
successive brief depolarizations to 60 mV, applied 1/sec. Injections of w8, Bawt, Bam, BB, and coinjections of awB and Bowt, and awB and Baum
dimers failed to elicit CNG currents, with a minimum of 10 oocytes tested for each. ND, not done.

c¢GMP-bound channels that at saturating cGMP, the fractional
activation is very near unity. The potentiation by the autoexci-
tatory region contained within the deletion in a4, involves an
interaction of this region with the cyclic nucleotide-binding region
that increases by about 100-fold the equilibrium constant, L, of
the allosteric conformational change (15). Thus, this deletion, or
the presence of Ca?*/calmodulin, strongly decreases L, and this
reduction is manifested in two ways: (i) a shift in the apparent
affinity for activation of the channel by ligand to higher concen-
trations and (i) for a case like cCAMP, in which L is smaller, a
marked reduction in the maximum current at saturating ligand.
Thus, for unmodulated cAMP-bound wild-type a-channels, L has
a value of about 100-200 (28), and so a 100-fold reduction in L,
as for oy, channels or wild-type channels in the presence of
Ca?* /calmodulin, gives an L near 1, and thus a fractional
activation around half-maximal.

We constructed tandem dimers from three different rat olfac-
tory CNG channel subunits: wild-type a-subunits (o), mutant
a-subunits (am), and wild-type B-subunits. Injection of RNA for
tandem a0y dimers produced currents indistinguishable from
those produced by oy, monomers in all respects, including the
K, for activation by cAMP and cGMP, the slope of the
dose-response relation, and rectification (Fig. 1 4 and C; Table
1). Injection of RNA for tandem o, dimers produced currents
similar to those from oy dimers or oy, monomers, but with
apparent affinities for both cAMP and cGMP shifted to about
3-fold higher concentrations, and a small reduction in the max-
imum current elicited by saturating cAMP relative to cCGMP (Imax,
cAMP/Inmax comp = 0.84 = 0.02, n = 15) (Fig. 1 B and C; Table 1).
In Fig. 1D are plotted dose—response data for ooy dimers,
awiom dimers, and o, monomers for activation by cAMP. Su-
perimposed on the data are curves for fits of the data to the model
of Scheme 1. The oy, data were fit with a value of L reduced by
about a factor of 100, relative to that for oy, While keeping K
the same. The oy, data were fit with K again kept constant and
L set to the geometric mean between its values for oy, and oy,
which is just what Scheme 1 predicts for a channel with a

concerted opening transition that contains two wild-type and two
mutant subunits (19). Thus, the altered gating of the o, subunits
acts as a reporter, verifying their inclusion in the tetramer, and the
physical link between the o and o, subunits makes a oy -0tm-
Q- arrangement the most likely possibility (Fig. 5).

Fig. 24 shows data from an experiment with coinjection of
awtany and BB dimers into the same oocyte. Heteromeric o+
channels differ from homomeric « channels in a number of
signature characteristics (Table 1) (20, 22). Channels formed by
awioye and BB dimers were indistinguishable from channels
formed by « and B monomers in all of the characteristics that
distinguish them from homomeric « channels (Fig. 24, C, and D;
Table 1). These characteristics include (i) an eightfold shift in the
K> for cAMP to lower concentrations, (if) a reduction in the
slope of the dose-response curve (Hill equation slope 1.2-1.6 vs.
2.1-2.7), (iif) a more pronounced time-dependence of the current
on voltage steps, (iv) desensitization when expressed in oocytes
(Fig. 2D), and (v) a more pronounced rectification of the current
at saturating concentrations. Collectively, these identifying char-
acteristics clearly distinguish between channels composed of
a-subunits and those composed of both a- and B-subunits and
form the basis of the assigned phenotype for each combination of
injected dimers (Fig. 5). Like heteromultimers formed by « and
B monomers, a+ 3 channels formed by dimers produce as much
current with saturating cAMP as with saturating cCGMP (Ipax,
eAMP /Iy comp = 1.06 = 0.06, n = 8). Thus, coinjection of an a«
dimer with a BB dimer yields channels indistinguishable from
a+ B heteromultimers formed by monomers.

We asked whether substitution of an ay, for an ay subunit as
the second subunit of an aa dimer shifts apparent affinities for
ligand of phenotypic a+ B channels, like the results in Fig. 1 for
a-channels. Channels formed from coinjection of ayam and B
dimers resulted in currents with these same a+f signature
characteristics but with the K; /, values for activation by cAMP
and cGMP shifted to higher concentrations relative to channels
created by coinjection of aytow: and BB dimers (Fig. 2 B and C;
Table 1). This shift in the apparent affinities indicates that these
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F1G. 2. Currents from coinjection of awiaw: and BB (A) or awitm
and BB (B) dimers activated by a range of concentrations of cAMP.
The pulse protocol is as in Fig. 1. (C) Data are normalized dose—
response relations at 60 mV from patches with channels from coin-
jection of a and B monomers (triangles), awiaw: and BB dimers
(squares), or awiom and BB dimers (circles) for activation of the
channels by cAMP. Superimposed on the data are fits of the dimer
data to Hill equations of the form in Fig. 1. The fitted values of K>
are 9.2 uM and 25 puM, and of n are 1.3 and 1.4 for channels from
awiawt and BB and awiam and PP coinjections, respectively, and Imax
was set at unity. (D) Desensitization is shown for currents with
successive brief depolarizations to 60 mV given every 1 s, in the
presence of saturating cCAMP, for channels from oo and BB or
awim injections. The former desensitize, like channels from a+f
monomers, but the latter do not, like channels from « monomers.

channels have incorporated the am-subunit half of the injected
ey dimer. As with channels from oty dimers alone, the shift
in the K s, value for «+ S channels suggests that both a-subunits
of the dimer are being incorporated and that they are adjacent.
Thus, a tetrameric arrangement of « and B subunits with two
adjacent a-subunits yields channels very similar to channels
formed from « and B monomers, suggesting that a+f3 hetero-
multimers have adjacent a-subunits.

Singly injecting all dimers consisting of one a-subunit and one
B-subunit failed to yield CNG currents (Table 1). These dimers
would be predicted to form channels with an alternating of3
arrangement (a-B-a-B). Nonexpression by itself is not strong
evidence, but this result is consistent with functional a+ 3 chan-
nels not consisting of alternating « and 3 subunits. Coinjections
of af dimers and Ba dimers also failed to yield CNG currents.

Having demonstrated that a+ 3 channels have adjacent a-sub-
units, we turned our attention to discriminating between the two
remaining alternatives for subunit arrangement in a tetrameric
heteromultimer containing adjacent a-subunits: a channel with
three a-subunits and one B-subunit (a-a-a-B) or a channel with
two adjacent a-subunits and two adjacent B-subunits (o-c-3-8).
To distinguish between these two possibilities, we coinjected a
dimer with two a-subunits (aa) with a dimer with a B-subunit
followed by an a-subunit (Ba) (Table 1). Channels formed from
these injections were a+ B-like and had behavior indistinguish-
able from that of channels created by coinjections of aa and B3
dimers (Table 1; Fig. 3). Furthermore, similar to the results
obtained with aa (Fig. 1) or aa and BB (Fig. 2) injections,
channels formed always displayed the effect of the presence of the
am-subunit when it was the second subunit of the a dimer. This
effect was easily observable by the presence of the telltale shift in
the apparent affinity. We also tested coinjections of aa and af8
dimers. Channels formed from these experiments acted much like
those from injection of e« dimers or « monomers; that is, of the
a-channel phenotype (data not shown). However, because we

Proc. Natl. Acad. Sci. USA 95 (1998) 14549

A 1 mM B
mf
(XMOLW[‘FB(XM 20 pMT awtawl+[30(‘m
10 pM—
____________ i
s SuM
ki, i gy
il
et i Lgmnsp-sorsiey)
< L
= =
2 =1
< &
50 ms 50 ms
C D

1 mM: !
awtam+ﬁa1n 2;)0 M

I/Imax

T T r
10° 10° 10 107
50 ms [cAMP] (M)

F1G. 3. Currents from coinjection of awiawt and Bow: (4), awtowt
and Bam (B), or awiom and Bow: (C) dimers activated by a range of
concentrations of cAMP. The pulse protocol is as in Figs. 1 and 2. (D)
Data are normalized dose-response relations at 60 mV for patches
with channels from coinjections of awiaw: and Bam (circles), awiawt
and Baw: (squares), and awiom and Bam (bows). Superimposed are fits
of the awowe and Bam and awiam and Pam data to Hill equations of
the form as in Fig. 1. The fitted values of Ky ,> are 9.8 uM and 29 uM,
and of n are 1.4 and 1.1 for channels from ayiaw: and Bam, and awtam
and Bam injections, respectively, and Imax Was set at unity.

cannot detect the presence of the af3 dimers either alone or in
coinjections, we lack any independent evidence that these dimers
are functional and are being expressed. We therefore must attach
less weight to this result. The uncertain expression of a3 dimers
also reduces the weight we attach to the result that coinjection of
af and Ba dimers did not yield functional channels.

Other investigators using tandem dimers have shown that they
may sometimes incorporate only the leading subunit into the
channel tetramer, leaving the second subunit outside of the
channel (29). We asked whether the same thing could happen
here. To test for this behavior, we focused on the aa and Ba
coinjections that produced channels closely matching the o+
phenotype whose stoichiometry and arrangement we wished to
determine. In this scenario, coinjection of aa and Ba dimers
could result in a channel with two « and two 3 subunits, with the
« subunits of the Ba dimers unincorporated (Fig. 5).

Using the reporting ability of the oy, subunit, we examined
channels formed by coinjection of ayto: and Bay, dimers. If the
resulting channels were of the a-a-a-fB arrangement, and thus
were incorporating the oy, subunit, we would expect to detect it
by its effect on the apparent affinity. Fig. 3 shows data from
coinjections of auytouyt and Bowy: (4), aweosyt and Bay (B), OF ayettm
and Bam (C) dimers. All three coinjection experiments produced
currents with all of the signature features of a+pf channels,
including increased cAMP affinity, decreased dose-response
relation slope, increased time-dependence and rectification, and
desensitization (Table 1). Plotted in Fig. 3D are dose-response
curves for activation of the resulting channels by cAMP. There
was no significant difference between the data for the channels
from oy and Ba, coinjections and those from oo and Bowwe
coinjections, strongly suggesting that the a-subunits of the Ba
dimers were not being incorporated. Data from the ayiom and
Bam coinjections show that when the oy, is the second subunit of
the aa dimer, the dose—response curve is clearly shifted to higher
concentrations. They were indistinguishable from those from
aweam and BB coinjections (Table 1); that is, as with channels
from oy and BB dimer or « and B monomer coinjections but
with an apparent affinity shifted to about 3-fold higher concen-
trations. We were thus able to discriminate between the two
alternatives by looking for the telltale shift in the apparent affinity
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caused by the ap, subunit. The results from this experiment
further suggest that a+ B heteromultimers have two a-subunits
and two B-subunits in an a-a-B-B arrangement.

However, the data in Fig. 3 are not inconsistent with an
a-o-a-3 arrangement if a third a-subunit were to come from an
aa dimer instead of the Ba dimer. To further examine this
possibility, we recorded currents resulting from coinjections of o,
and B monomers, and compared dose-response data from these
channels with those from coinjection of &, and 8 monomers or
awiom and BB dimers (Fig. 4). The implications of this experiment
for the a-a-B-B and a-a-a-B scenarios are depicted in Fig. 44.
Shown schematically are the two possibilities for the case of
coinjection of ayam and BB dimers. If an a+ B channel indeed
has two a-subunits and two B-subunits, then coinjection of oy
and B monomers would yield a channel with two ay-subunits;
coinjection of oy, and B monomers, a channel with two -
subunits; and coinjection of ayam and BB dimers, a channel with
one ay,-subunit and one ap-subunit. Thus, like the comparison
of a channels with zero, two, or four ay-subunits (Fig. 1D), an
a-a-B-B arrangement predicts that the apparent affinity for a
channel with one ay-subunit and one oy,-subunit would be the
geometric mean between that for a channel with zero and two
am-subunits (Fig. 4B). On the other hand, for coinjection of aa
and BB dimers to yield an a+ 3 channel with three a-subunits and
one B-subunit (Fig. 44, Right), the first a-subunit only of an aa
dimer, but not the second, and the first B-subunit only of a B3

0.01

10* 10
[cAMP] (M)

FiG. 4. (A) Schematic diagram of how awiam and BB dimer
coinjections could produce channels with an arrangement of two
a-subunits and two B-subunits (Left) or three a-subunits and one
B-subunit (Right). (B) Dose-response data for activation by cAMP of
channels from coinjection of aw and 8 monomers (circles), owiam and
BB dimers (triangles), and am and B monomers (squares). The solid
lines are the Hill fits to the oy and B monomer data and the awiam
and BB dimer data. For ayw and 8 monomers, Ki,2 = 7.7 uM and n =
1.5. For awiam and BB dimers, Ki/2 = 22 uM and n = 1.4. For oy, and
B monomers (Hill fit not shown for clarity), Ki,2 = 63 uM and n = 1.5.
The dashed line on the left is the prediction (see Methods) for the
a-a-B-B arrangement shown on the Left in 4 and is a Hill equation
curve with K2 = 63 uM and n = 1.5. The dotted line on the right is
the prediction for the a-a-a-B arrangement shown on the right in (A4),
and is a Hill equation curve with Ki/» = 178 uM and n = 1.5. The
encircled arrangement is the one best supported by the data.
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dimer, but not the second, would have to incorporate. Thus, this
scenario predicts that coinjection of oy and 8 monomers would
yield a channel with three ay,-subunits; coinjection of oy, and 3
monomers, a channel with three oy,-subunits; and coinjection of
awtam and BB dimers, a channel with two ay-subunits and one
am-subunit. This scenario would thus require that the ratio of the
K /> values of channels from coinjections of o and 8 monomers
and o, and B monomers not be the square of the ratio of its values
from coinjections of oy and B monomers and oy, and BB
dimers, but the cube of that ratio (Fig. 4B). However, the data
from coinjection of ay, and 8 monomers indicate a change in the
apparent affinity very nearly the square of the ratio of its values
from coinjections of oy and B monomers and oyam and BB
dimers. Thus, the model prediction from the a-o-B-B arrange-
ment fits the data well. This experiment further argues against a
a-a-a-f3 configuration and further supports the a-a-B-p arrange-
ment.

DISCUSSION

Tandem subunits have also been used to show the tetrameric
nature of voltage-gated K* channels (24), inward rectifier K*
channels (30), and CNG channels (17-19). In all of these cases,
and in the present work, a mutant subunit was used whose
presence in the channel produces obvious effects and so acted as
a reporter for its incorporation into the tetramer. We define two
channel phenotypes, a channels and a+ 8 channels, based on a set
of defining characteristics that differentiate the two. We exploited
the characteristic fingerprint of a+B channels to distinguish
which dimer injections produce a+ 3 heteromeric channels and
which produce « homomeric channels. In addition, the shift of the
apparent affinity of the mutant a-subunit made it a reporter for
incorporation of the second subunit of a dimer in the channel
tetramer, the major uncertainty of the tandem dimer approach.
An advantage of this study is that it determined the arrangement
of functional CNG channels; that is, those that produced current
on application of cyclic nucleotides. Broillet and Firestein (31)
showed that the olfactory B-subunit can form homomeric chan-
nels gated not by cyclic nucleotides but by nitric oxide. Thus, even
if multimers with arrangments other than those suggested here
form in the oocyte membrane, we did not observe evidence that
they are cyclic nucleotide-activatible channels.

Fig. 5 shows a summary of the results of the experiments
presented in this work. For each injection or coinjection, we assign
a phenotype of « channels or a+f channels based on their
collection of signature differences. Shown in the center column is
the arrangement of the subunits for the channels formed, as
deduced from the data. For all injections involving aa dimers,
both subunits of the aa dimers incorporated in the channel
tetramer. For those involving coinjections of aa dimers and Ba
dimers, we deduce that only the initial B-subunit of the B« dimer
is being incorporated, forming an «+pg channel with two «
subunits and two B subunits. If the of dimers are indeed
functional and being expressed, then only the initial a-subunit of
the o dimer is being incorporated, forming a tetramer with four
a-subunits. Thus, taken together, all of the evidence indicates that
a+ B channels are composed of subunits in an a-a-3-B arrange-
ment.

These experiments also provide evidence supporting the as-
sumptions of a fixed or preferred assembly of a+ 3 subunits and
that the phenotype of expressed channels arises from a single
population. This evidence includes (7) the lack of variability in the
K/, for cAMP for channels of the a+p phenotype, even for
different «:B injection ratios of monomer and dimer RNA (data
not shown), (if) the close similarity of the data for channels from
Qywiowt and BB dimers and o and B monomers (Fig. 2; Table 1),
and (i) the lack of any effect caused by the a-subunit of the Ba
dimer being wild-type or mutant (Fig. 3). Our results also show
that dimerization of subunits has no significant effect on «- and
B-subunit types and does not force assembly of subunits into an
arrangement different from their preferred arrangement. We feel
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RNA injected Deduced arrangement Phenotype
Olyt IMONOMEr ®¢® o channels
®@ Wild-type affinity
Ol monomer %»% o channels
> Mutant affinity
Ol + B monomers %Q% o+ channels
Wild-type affinity
Oy, + P monomers %4% o+ channels
Mutant affinity
’
OlyytOlwit %g o channels
< Wild-type affinity
’
Olyt Ol %&% o channels
<> Partial mutant affinity
>
OlytOlwt + B %&% o+ channels
< Wild-type affinity
. v
OwiOm + BB %4% o+f channels
& Partial mutant affinity
’
OlyytOwe + Byt %‘g o+f channels
@ @ Wild-type affinity
’
OlyOwt + B0t @ %‘% @ o+f channels
Wild-type affinity
{
D
OliOlm + BOlm e o+P channels
@ @@ @ Partial mutant affinity

F1G. 5. Deduced arrangement of the channels formed from all of
the injections and coinjections. The assignment of phenotype was
based on the evidence discussed in the text. “Wild-type affinity,”
“mutant affinity,” and “partial mutant affinity” refer to channels that
show behavior consistent with none, all, or half of their a-subunits
being am-subunits. The apy-subunits are shaded.

that the close similarity of dose—response data between a0
dimers and o, monomers (Fig. 1) and between oy and BB
dimers and « and B monomers (Fig. 2) makes an effect of
dimerization, per se, unlikely. We also never saw evidence that the
second subunit of a dimer can incorporate into the channel
without the first subunit. This conclusion has been reached by
others. Liu et al. (17), using tandem dimers of rod and fish
olfactory CNG a-subunits, tested for preferential incorporation
and found that both subunits of their dimers incorporated into
channel tetramers. McCormack et al. (29), using Shaker-type K*
channels, found preferential incorporation of the leading subunit.
Thus, no study using tandem dimers (including this work) reports
preferential incorporation of the second subunit of a dimer in the
channel.

Recently, it has been suggested that CNG channels gate not as
a concerted opening transition involving all of the subunits, but
rather that the four subunits in the tetramer may associate and
activate as two independent dimers (32). For the case of «
channels the difference in channel behavior predicted by a strictly
concerted gating scheme and the coupled dimer scheme of Liu et
al. (32) may be relatively subtle. However, for the general case of
a+ B heteromultimers, channel gating as two independent dimers
may explain our finding that heteromultimers are composed of
adjacent pairs of like subunits. That is, if a+ 8 channels do indeed
open via this mechanism, it may be that only adjacent, like
subunits can undergo the opening conformational change as a
coupled dimer, but not o3 or Ba dimers. Thus, a tetramer with
an alternating a-B-a-B arrangement would not yield functional
CNG channels.

Proc. Natl. Acad. Sci. USA 95 (1998) 14551

The question of what mechanism constrains subunit assembly
in CNG channels is an interesting, and open, one. In voltage-
gated K* channels, hydrophilic amino-terminal domains guide
assembly of subunits within subfamilies, and restrict cross-
subfamily assembly (33). However, biochemical experiments on
CNG channels similar to those in K* channels fail to show
amino-terminal-amino-terminal interactions of this kind (15, 34).
Recently, it has been shown that the native olfactory channel may
contain an alternatively spiced variant of the rod B-subunit, in
addition to the olfactory B-subunit (35), and that olfactory
heteromultimers containing the rod B-subunit behave remark-
ably similar to channels containing only olfactory « and B-sub-
units (35, 36). Indeed, the apparent lack of a subunit assembly-
guiding domain on CNG channels may explain why many differ-
ent types of CNG channel subunits can coassemble to form
functional channels (36). Our experiments indicate that hetero-
meric a+ B channels preferentially assemble in an a-a-B-f ar-
rangement. The structural mechanism determining this prefer-
ential arrangement remains unknown.
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