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ABSTRACT Cyclic-nucleotide-activated, nonselective cation channels have a central role in sensory transduction. They are
most likely tetramers, composed of two subunits (e and B or 1 and 2), with the former, but not the latter, being able to form
homomeric cyclic-nucleotide-activated channels. Identified members of this channel family now include, in vertebrates, the
rod and cone channels mediating visual transduction and the channel mediating olfactory transduction, each apparently with
distinct a- and B-subunits. Homologous channels have also been identified in Drosophila melanogaster and Caenorhabditis
elegans. By co-expressing any combination of two a-subunits, or a- and B-subunits, of this channel family in HEK 293 cells,
we have found that they can all co-assemble functionally with each other, including those from fly and nematode. This finding
suggests that the subunit members so far identified form a remarkably homogeneous and conserved group, functionally and
evolutionarily, with no subfamilies yet identified. The ability to cross-assemble allows these subunits to potentially generate
a diversity of heteromeric channels, each with properties specifically suited to a particular cellular function.

INTRODUCTION

Cyclic-nucleotide-activated channels are a recently recogt994; Kaschen et al., 1995; Bradley et al., 1994; Liman and
nized family of ion channels, the opening of which is Buck, 1994). In addition to the cyclic-nucleotide-activated
activated by cGMP or cAMP (for reviews, see Kaupp, 1995;channels that are nonselective among cations, there are
Finn et al., 1996; Zagotta and Siegelbaum, 1996). The firsbthers that are activated by cyclic nucleotides but are selec-
member, a nonselective cation channel, was identified as tve for potassium ions, and still other channels the opening
key component of visual transduction in retinal rod photo-of which is inhibited by cyclic nucleotides (see Finn et al.,
receptors (Fesenko et al., 1985; Yau and Nakatani, 19851996 for review). The molecular identities of most of these
Subsequently, similar ion channels were found in retinalother channels are unknown (but see Yao et al., 1995). They
cone photoreceptors (Haynes and Yau, 1985) and olfactorsnay not necessarily belong to the same group as the rod,
receptor neurons (Nakamura and Gold, 1987). These chawcone, and olfactory channels (see Yao et al., 1995 and
nels now appear to be composed of two suburitarfd3  Discussion here).
or 1 and 2). There is evidence that the functional channels The native rod, cone, and olfactory channels show certain
are tetramers (Gordon and Zagotta, 1995a; Liu et al., 1996§ifferences in properties. For example, the native olfactory
but the stoichiometry between the two subunits is unknownchannel has roughly the same half-activation constént)(
The a-subunit can form homomeric channels that are acti-as well as open probabilityP(), for the fully liganded
vated by cyclic nucleotides. In contrast, tHesubunit can-  channel, regardless of whether cGMP or cAMP is the li-
not form functional cyclic-nucleotide-activated channels bygand, whereas the native rod and cone channels hKyg a
itself, but confers specific properties to the channel complexor cAMP that is 1 to 2 orders of magnitude higher than that
when co-assembled with the-subunit (Chen et al., 1993, for cGMP, and aP, that is considerably smaller when
CAMP rather than cGMP is the ligand (for review, see Finn
et al., 1996; Zagotta and Siegelbaum, 1996). On the other
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for example, Kaupp et al., 1989; Dhallan et al., 1990;have found that all of the:- and B-subunits we examined
Weyand et al., 1994; Frings et al., 1995; Liu et al., 1994;can cross-assemble.

Chen et al., 1994; Kschen et al., 1995; Bradley et al.,

1994; Liman and Buck, 1994; Goulding et al., 1994; Gor-

don and Zagotta, 1995b; Tibbs et al., 1997), which, excepMATERIALS AND METHODS

for the st|II-un|dent!f|§d cone-chann@-subunit, appear t0 1 ansient expression of CNC subunits

be all molecularly distinct among the three sensory channels.

Recent studies involving northern blotting, ponmeraseThe cDNAs used in the experiments included those encodingettand
chain reaction. cDNA cloning in situ hybridization or B-subunits of the human rod channel (Dhallan et al., 1992; Chen et al.,
. h, . h L9 h he ch ,l 1993), thea- and B-subunits of the rat olfactory channel (Dhallan et al.,
|m.munocyt0c' emistry gve indicated that the channel su 1990; Bradley et al., 1994; Liman and Buck, 1994), theubunit of the
units composing the native rod, cone, and olfactory chanhuyman cone channel (Yu et al., 1996), the and B-subunits of the
nels are not confined to sensory receptor cells, but are alsorosophila cyclic-nucleotide-gated channel (Baumann et al., 1994; J. L.
present in other neurons and nonneuronal cells. For exaniavis, D. Krautwurst, K.-W. Yau, and R. R. Reed, manuscript in prepa-

; ; ; i he nematode tax-4 channel (Komatsu et al., 1996). The cDNA
le, the rod-channed- nit h n found in retinal r2ion.andt '
ple, the od-cha subunit has been found etina encoding a point mutant (H418E) of the rod-chanagdubunit was also

gang“on cells, hlppocampus, kldHEy* liver, and ?kele':alused. The cDNA encoding therosophilachannela-subunit was cloned
muscle (Ahmad et al., 1994; Karlson et al., 1995; Kingstonysing polymerase chain reaction based on published sequence information
et al., 1996; Feng et al., 1996), the cone-chamnslibunit  (Baumann et al., 1994). The cDNAs encoding the rat olfactory-channel
in pineal gland, testis, kidney, and heart (Weyand et a|_p—sub_unit and the r_]ema_tode tax-4 were gift_s from K. G. Zinn (Caltech) and
1994; Biel et al., 1994; Buigk et al., 1996), and the olfac- I. Mori (Kyushu University, Japan), respectively. All of the cDNAs, except

’ ’ L ' ' that for tax-4, were subcloned into the pCIS expression vector (Genentech).
tory-channebz-subunlt in hlppocamp'us, olfactory bUij COI™ The tax-4 cDNA was subcloned into the pcDNAI/Amp expression vector
tex, cerebellum, aorta, and heart (Biel et al., 1993; Kingstonkomatsu et al., 1996).
et al., 1996; Ruiz et al., 1996; Bradley et al., 1997), even Human embryonic kidney (HEK) 293 cells were grown on poly-
though their functions in these other locations are stilllysine-coated coverslips in 10-ml dishes. For experiments involving the
Iargely unclear. In addition, the rod-chanrﬁabubunit has expression of one channel subunit, cells were transiently transfected with

. . . . . expression plasmid (1g), carrier DNA (pBluescript, 1(g), and simian
been found in testis, kldney’ heart, and brain (Blel et al"virus40tum0r antigen expression plasmid (RSV-Tagg) by the calcium

1996), and the olfactory-channgtsubunit in the vomero- phosphate precipitation method (see, for example, Dhallan et al., 1990).
nasal organ and the hippocampus (Berghard et al., 199&pr experiments involving the co-expression of two subunits, carrier DNA
Bradley et al., 1997). In view of their widespread andWwas omitted, and a total of 2g of expression plasmid was typically

: otrilag ; ; in the following ratios: hRCN&ZOCNCyx, 2:1; rOCNGY/

verlapping distributions, th ion arises whether thesgded in t S
Ohe aplp gbd S.t pUt?] St .e C]UIESI'O' arises et E|t e.S%(Ij?CNCB, 1:1.5; hRCN@/rOCNCB, 2:1; rOCNGvhCCNGCy, 1:1.5;
channel subunits In the various locations co-assemble Witflgngy(Ha18E)/dCNG:, 2:1; rOCNG/ACNGS, 1:2 or 1:3; hRCNG/
the same compositions and stoichiometries as in the Sensofk-4, 1.5:1; tax-4/hRCNg, 1:1. These ratios were somewhat arbitrarily
receptor neurons. With eaeh and 8-subunit appearing to chosen in order to balance different efficiencies of functional expressions
impart some distinct properties, a Iarge number of combiobserved for the different subunit proteins. In some transfections, the
natorial heteromeric channel complexes can, in principleSPNA éncoding the jellyfish green fluorescent protein (GFP, 0.3gpin
b d with ch L il d icul Ithe pcDNAS3 expression vector (Marshall et al., 1995) was also included to
e generqte V\{It C arqcterlstlcs tailore 1:0 particular ce Relp identify transfected cells.
lular functions, if the various- and B-subunits can cross-
assemble.
To address this question, we have co-expressed differeiBlectrophysiological recordings
pairs of cyclic-nucleotide-activated channel subunits in _ _ .
HEK 293 cells and examined the phvsioloaical broperties o atch-clamp recordings were made from excised, inside-out membrane
’ . - phy . .g prop atches of transfected HEK cells at 48—72 h after transfection. Patch

the resulting Ch_e?nnels in EXCIsed, |'n5|de'0Ut membrangipettes were made from borosilicate glass capillaries and had tip lumens
patches. In addition, we have investigated the degree aff ~1 um in diameter. For experiments involving single-channel record-
conservation among these channel proteins in evolution bipgs, the exterior of the pipette tip was coated with Sylgard elastomer (Dow
co-expressing the vertebrate channel subunits with severgP™ing). The patch pipette contained “0%Ca solution (in mM: 140

K h | f . tebrat A si bunit NaCl, 5 KCI, 1 Na-EGTA, 1 Na-EDTA, 10 HEPES-NaOH, pH 7.6).
nown homologs from Invertebrates. smgd:esu uni Before a membrane seal was established, the bath contained Ringer's

(Baumann et al., 1994) and a presumptBrgubunit (J. L. sojution (in mM: 140 NaCl, 5 KCI, 2 Cagl 1 MgCl,, 10 HEPES-NaOH,
Davis, D. Krautwurst, K.-W. Yau, and R. R. Reed, manu-pH 7.6). A slight positive pressure was maintained inside the pipette to
script in preparation) have been cloned frdnosophila minimize the_ entry of Ringer’s golution. After a seal was est_ablished, the
melanogasterHomologs (tax-4 and tax-2) have also beenbath was switched to p-éé solution b_efore the patch was excised. cGMP

. or cAMP at appropriate concentration was added to the D-Gzath
cloned fromC. eIegans(Komatsu et al’ 1996; Coburn and perfusate. For experiments involving Lacalmodulin, the bath solution
Bargmann, 1996). The&aenorhabditis eleganshannels  contained 250 nM calmodulin and 50V buffered free CA* (0.92 mM
have been implicated in olfactory, gustatory, and thermatacCl, and 2 mM sodium nitrilotriacetate) in place of Na-EGTA and
senses (Komatsu et al., 1996; Coburn and Bargmann, 1996)a-EDTA. o
and theDrosophiIachanneIs are expressed in the eyes and All experiments were performed at room temperature. Unless indicated

antennae (Baumann et al 1994) thouah still of unknow otherwise, all dose-response relations were obtainet& mV. For a
H ! 9 r-t;iven patch, the averaged, steady membrane current at each cyclic nucle-

function. In this study, th®rosophilaa- andB-subunits, as  otide concentration was measured in 50-ms voltage steps from+®@
well as theC. elegangax-4, were used. Interestingly, we mv given at 1 Hz. Leakage current in the absence of cyclic nucleotide was
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already subtracted. In all of the figures, outward membrane current has Reteromeric channel formation, the observed dose-response
positive sign, and averaged data are given as ie&D. Unless indicated  ralation can be predicted from a linear combination of the
otherwise, the data were low-pass filtered at 2 kHz (8-pole Bessel) ancaose_response relations for the two populations of homo-

digitized at 5 kHz. Curve fits were performed using a nonlinear least- . . .
squares algorithm. meric channels in the patch:

1(C) = flod(C) + (1 = )lor(C) )

RESULTS wherel, 4(C) andl;(C) are given by Eg. 1 with respective
The following terminology has been adopted: RCNC, rodK,,, andn values for homomeric hRCNCand rOCNGx
cyclic-nucleotide-activated channel; OCNC, olfactory cy-channels, anfland1—f are the fractional current contribu-
clic-nucleotide-activated channel; CCNC: cone cyclic-nu-tions from the two channel populations. For illustrative
cleotide-activated channel. Because their functions are stippurposes, the calculated relations witlalues of 0, 0.2, 0.4,
unclear, theDrosophila channel proteins are referred to 0.6, 0.8, and 1.0 are showdgshed curveslt is clear that
simply as CNC, standing for cyclic-nucleotide-activatedno linear combination can describe the data. In particular,
channel. The prefixes “h,” “r,” and “d” refer to clones all of the dashed curves show an obvious inflection point
derived from human, rat, aridrosophilg respectively. The that is absent in the experimental relation. Results from two
suffixes “a” and “B” refer to the two subunits. For the.  other patches are shown in the lower panels of Figd, 1
eleganschannela-subunit, the name tax-4 is retained. fitted empirically byK,,, = 15.7uM, n = 1.60 andK, ,, =

In all experiments, HEK 293 cells were transfected with27.5uM, n = 1.68 ontinuous curvgs respectively. The
cDNA encoding one or two cyclic-nucleotide-activated dashed curves indicate predictions from Eqg. 2, with0.55
channel subunits. For no reason other than convenience, tlad 0.72, respectively, based on least-squares fits. Again,
partial ARCN@ clone [referred to as hRCNC2b in Chen et the predictions from Eq. 2 are poor. Thus, functional het-
al. (1993)] was used instead of the full-length clone; how-eromeric channels appeared to be formed between hRCNC
ever, the protein encoded by this cDNA shows all of theand rOCNG. There might be more than one population of
hallmark properties of that encoded by the full-length cloneheteromeric channels, depending on whether hR&lsad
(Korschen et al., 1995; M. E. Grunwald et al., 1998).rOCNCa can co-assemble with multiple stoichiometries.
Inside-out membrane patches were excised from transfectethe heteromeric channels are expected to haygvalues
cells at 48-72 h after transfection and exposed to batintermediate between those for the homomeric hRGNC
perfusion containing cGMP or cAMP. and rOCNGy channels. At the same time, homomeric chan-
nel populations probably were also present on the mem-
brane patch. Thus, several distinct, but closely spaced, dose-
response relations may co-exist, and a linear combination of
these will lack an obvious inflection point, and also show a
We first tested whether hRCNCand rOCNGx can co- small apparenn value, as is the case in Fig.A Further-
assemble into functional channels in HEK cells. The homo-smore, the proportions of the distinct channel populations are
meric channels formed by these two proteins have vergxpected to vary from patch to patch, thus explaining the
different half-activation constants (Dhallan et al., 1990,different apparenkK,,, values in different experiments.
1992). Their averaged, dose-response relations with cGMP as hRCNCx/rOCNCa co-assembly was also supported by
ligand are shown in Fig. A, upper left panelThe continuous an experiment involving Cd-calmodulin. Homomeric

Co-expression of hRCNC« and rOCNC«

curves fitted to the data are from the Hill equation: rOCNCa, but not homomeric hRCN& channels are sen-
sitive to C&"-calmodulin, due to binding of Ga-calmod-
I(C) = CY[C"+ K{},] (1)  ulin to a site on the N-terminal of the rOCNGprotein and

affecting channel gating (Chen and Yau, 1994; Liu et al.,

wherel(C) is the normalized curren@ is the cyclic nucle- 1994). Fig. 1B, left pane] shows that, in the presence of 50
otide concentratiork,, is the half-activation constant, and uM Ca* and 250 nM calmodulin, the&,,, for cGMP
n is the Hill coefficient. For hRCN@, K;,, = 63.2 uM increases by-10-fold for homomeric rOCN@. Fig. 1B,
cGMP,n = 2.02 (5 patches), and for rOCNCK,,, = 3.2  right pane| shows that an increase in tKg,, for cGMP due
uM cGMP, n = 1.93 (4 patches). This wide separation to C&*-calmodulin was likewise observed in a hRCNC
between the two dose-response relations provides a simpt©®CNCa co-expression experiment. Assuming no forma-
test for heteromeric channel formation by the two subunitstion of heteromeric channels, we fitted a scaled version of

With cells transfected with cDNAs encoding hRCNC the dose-response relation for homomeric rO@Ngased
and rOCNGQy, dose-response experiments on excised, inon the left panel to the two lowest data points at the foot of
side-out patches revealed a rangekgf, values that were the control dose-response relation in the right paoetve
intermediate between those for the homomeric channels; d), from which the presumptive contribution by homomeric
the same time, the values were significantly lower. In the  hRCNGCx (not shown) could be obtained by subtraction. In
patch shown in Fig. 1A, upper right panelfor example, the presence of Ga-calmodulin, we obtained curve 2 by
K1 = 17.5uM, n = 1.57 (continuous curve). Assuming no first shifting the rOCNG@: contribution according to the
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FIGURE 1 Co-assembly of hRCNCand rOCNG. (A) Upper left, cGMP dose-response relations for homomeric hR€E@ rOCNGr channels.
Averaged data from 5 patches for hARCN&nd from 4 patches for rOCNg normalized with respect to the maximum cGMP-induced current in each case.
Error bars are standard deviations. Continuous curves are Eq. Kyitk 63.2uM, n = 2.02 for homomeric hRCNg&, andK,,, = 3.2 uM, n = 1.93

for homomeric rOCNG. Upper right, cGMP dose-response relation obtained from an inside-out patch excised from a cell co-transfected with hRCNC
and rOCNGx cDNA. Continuous curve is Eq. 1, wit,,, = 17.5uM, n = 1.57. Dashed curves are drawn from Eq. 2, Witralues of 0, 0.2, 0.4, 0.6,

0.8, and 1.0. Lower panels, results from two other excised patches. Continuous curves are EqKl, with5.7 uM, n = 1.60 (eft) andK,, = 27.5

uM, n = 1.68 (ight). Dashed curves are best fits from Eq. 2, with 0.55 (eft) and 0.72 (ight). (B) Effect of C&"-calmodulin. Left, cGMP dose-response
relations for homomeric rOCN&in control conditions and in the presence of 250 nM calmodulin ang!g0buffered free C&". Averaged data from

3 patches. Continuous curves are Eq. 1 Wih, = 3.3 uM, n = 1.36 andK,,, = 17.0uM, n = 2.16, respectively. Right, cGMP dose-response relations
for co-expressed hRCNCand rOCNG in control conditions and in the presence@d?*-calmodulin. Data are all from one patch. Continuous curves
are Eqg. 1, withK,,, = 12.4uM, n = 1.52 andK,,, = 28.8uM, n = 2.20, respectively. Curve 1, presumptive contribution from homomeric rQINC
control conditions (scaled version of control curve in left panel fitted to the lowest two data points of the experimental dose-response netation) if
heteromeric channels were formed. Curve 2, predicted position of overall dose-response relation in the pr&&rieeatrhodulin (see text for details).

results in the left panel and then summing with the homo-The much larger-than-predicted shift of the observed rela-
meric hRCNGr component. This predicted relation is con- tion indicates that Ca -calmodulin also modulates hetero-
siderably different from the observed relatimpén circley, meric hRCNQJ/rOCNCa channels. In other words, not
suggesting that hRCN€and rOCNG must co-assemble. every subunit forming the channel complex needs to have a
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Cé&*-calmodulin-binding site in order for modulation to meric rOCNGx channel should reflect heteromeric channel
take place. This finding is consistent with what was previ-formation. Indeed, this is the case. In Fid\,2eftandright

ously found for the native rod channel, wheréCaalmod-
ulin acts by binding to th@-subunit alone (Chen et al., 1994).

Co-expression of rOCNCa and hRCNCp

Next, we asked whether rOCNCand hRCN@ could
co-assemble. Because hRCBIBY itself cannot form chan-

panels the dose-response relations obtained from two ex-
cised patches containing co-expressed

roaN@énd

hRCNGQB hadK,,, values for cGMP that were considerably
higher than the value for the homomeric rOCi&€hannel

(dashed curve The shift to higher cGMP concentrations
was expected from the presence of a RCNC subunit. It is not
clear whether rOCN& and hRCN@ (or, for that matter,
hRCNCx and hRCN@ in the native rod channel) can

nels that are activated by cGMP (Chen et al., 1993), ango-assemble with more than one stoichiometry.
dose-response relation obtained in a co-expression experi- The native rod channel shows a high sensitivity to the
ment that is significantly different from that for the homo- blocker L-cis-diltiazem, a property conferred by RCI$C

FIGURE 2 Co-assembly of rOCNC
and hRCN@. (A) Left and right pan-
els show cGMP dose-response rela-
tions from two patches, showing an
increase irK, , relative to homomeric
rOCNCa. Continuous curves are Eq.
1, with Ky, = 27.8 uM, n = 1.65
(left), andKy/, = 16.7 uM, n = 1.60
(right). Dashed curves are identical to
continuous curves for homomeric
rOCNCa in Fig. 1 A, top left. B)
Increase in sensitivity td.-cis-dilti-
azem with hRCN@ present. In both
panels, each trace represents the av-
erage of 5 to 10 voltage steps (given
at 1 Hz) from 0 to+60 mV or —60
mV, in the presence of 1 mM cGMP
with or without the blocker. Leakage
current measured in the absence of
cGMP has been subtracted)(The
presence of hRCNgproduced flick-
ery single-channel openings#60
mV, given in 300-ms voltage steps
from 0 mV. Nominal cGMP concen-
trations were 0.3:M (left) and 1uM
(right). Recordings were low-pass fil-
tered at 2 kHz (8-pole Bessel) and
digitized at 10 kHz.
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(Chen et al., 1993). hRCNElikewise increases the sensi- hRCNCx and hRCN@ were co-expressed, comprising the

tivity of rOCNCa to this blocker (Fig.

B). At +60 mV, the

sensitivity of rOCNGx to diltiazem increased by-15-fold

in the presence of hRCN%; with the

~300 uM to 20 uM. This change inCs, is smaller than
that observed for the effect of hRCI@N hRCNGx (ICg,
decreasing from 10@M to 1 uM at +60 mV; see Chen et We asked the

IC5, decreasing from

native rod channel (Chen et al., 1993).

Co-expression of hRCNCa and rOCNCp

reciprocal question, namely whether

al., 1993), perhaps reflecting a difference between thélRCNCux could co-assemble with rOCNE The strategy

RCNCa/RCNCB and OCNG/RCNCB complexes in inter-

acting with diltiazem.

behavior of the homomeric rOCNCchannels (Fig. ).

was similar to that described immediately above because

OCNCB, like RCNCB, cannot form homomeric channels
Finally, at the single-channel level, the heteromericthat are activated by cyclic nucleotides (Bradley et al., 1994;

rOCNCa/hRCNQB channels showed flickery transitions Liman and Buck, 1994). In Fig. 3, the cGMP dose-

between the open and closed states, quite different from theesponse relations obtained from two patches in co-trans-

fection experiments clearly deviated from that for homo-

The same characteristic was previously observed whemeric hRCNG channelsdashed curve Unlike that in Fig.

FIGURE 3 Co-assembly of hRCNC
and rOCN@. (A) Left and right panels
show cGMP dose-response relations from
two patches, showing a decreaseKp),
relative to homomeric hRCN& Contin-
uous curves are Eqg. 1, witk,, = 26.2
uM, n = 2.24 (eft), andK,,, = 25.5uM,

n = 1.75 fight). Dashed curves are iden-
tical to continuous curves for homomeric
hRCNCx in Fig. 1 A, top left. B) The
presence of rOCNE produced flickery
single-channel openings; 60 mV, given

in 300-ms voltage steps from 0. Nominal
cGMP concentrations were 10M (left)
and 6 uM (right). The same signal pro-
cessing is used as in Fig. @. (C) The
presence of rOCNRincreased the current
induced by 25 mM cAMP relative to that
elicited by 1 mM cGMP. Values are
0.055 = 0.048 for hRCNG@ expressed
alone (3 patches) and 0.35 0.07 for
hRCNCx and rOCN@ expressed to-
gether (3 patches). BecauBg for homo-
meric hRCNGQx is at most 1.0 with cGMP
as ligand, it®, for CAMP must be at most
0.055 (given that the single-channel cur-
rents induced by both cyclic nucleotides
are similar; see Chen and Yau, 1994)) (
Lack of modulation by C& -calmodulin
on the heteromeric hRCNZrOCNCB
channel. Each trace represents the average
of 5 voltage steps (at 1 Hz) from O t660
mV in the presence of 1 mM cGMP or 30
uM cGMP with either 1 mM EGTA/
EDTA or 250 nM calmodulin/50uM
buffered free C&". Leakage current mea-
sured in the absence of cGMP has been
subtracted.
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2 A, the shift in this case is toward lower cGMP concen-(Fig. 3 C). Thus, undoubtedly, the presence of rOGNC
trations, again as might be expected from the presence of atecreases th&,,, for cCAMP at least in part by affecting
OCNC subunit. Flickery openings were likewise observedgating, i.e., promoting the open state of the liganded channel.
for the heteromeric channels (Fig. B), a feature that Finally, the native olfactory channel shows a strong mod-
rOCNGCB, like RCNCB, confers (Bradley et al., 1994; Li- ulation by C&"-calmodulin (Chen and Yau, 1994; Balasu-
man and Buck, 1994). bramanian et al., 1996). Whether OCBIGn this native
The homomeric rOCNE channel has &, for cAMP  channel complex also confers part of the?Gaalmodulin
that is ~30-fold higher than that for cGMP (Dhallan et al., effect, however, has not been examined. The hR&NC
1990). On the other hand, for the heteromeric rOGNC rOCNCB heteromer again allows this question to be ad-
rOCNGCB channel, the,,, for CAMP decreases to a value dressed because hRCNGs not modulated by Cd-cal-
close to that for cGMP (Bradley et al., 1994; Liman andmodulin (Chen et al., 1994). In Fig. B it is obvious that
Buck, 1994). In both situations, however, the maximumthis heteromeric channel does not show any sensitivity to
currents induced by cGMP and cAMP are very similar (seeCa*-calmodulin, indicating that OCNg; unlike OCNGx
Fig. 4, upper left panelfor homomeric rOCN@). Thus, it  (and RCN@; see Chen et al., 1994), does not show this
is not clear whether the decreaseln,, for cCAMP with ~ modulatory property.
rOCNCB present is due directly to a higher affinity between We have not tested whether rOCRCan enhance the
cAMP and the binding sites or indirectly to an increase insensitivity of RCNG to L-cis-diltiazem, as hRCN@ does
the P, of the liganded channel, owing to the coupling (Chen et al., 1993). However, even if present, this effect is
between the kinetic steps of ligand binding and channelikely to be smaller because, as described abovdQhgfor
gating (Liu et al., 1994; Goulding et al., 1994; Gordon andhomomeric OCN@ channels is~300uM at +60 mV (Fig.
Zagotta, 1995; Tibbs et al., 1997). In particular, because th2 B), which is not greatly different from the 70 uM at the
P, of the liganded rOCN@ homomer is already close to same voltage found for the native olfactory channel (com-
unity (~0.94, see Liu et al., 1994), any increas®jpwhile  posed of OCNG and OCN@) in frog (Frings et al., 1992).
affecting theK,,,, will have a minimal effect on the maxi-
mum cAMP-induced current. The hRCMLOCNCB het-
eromer offers an opportunity to examine this question be; .
cause thd?, of the hRCN@ homomer with cAMP bound Co-expression of rOCNCa and hCCNCa
is under 0.06 (see Fig. 3 legend). Indeed, on average, the The homomeric rOCN& and hCCN& channels have
maximum cAMP-induced current/maximum cGMP-in- cGMP dose-response relations relatively close to each other
duced current ratio was 7-fold higher for hRCN&1 (K, values of~3 uM and 18uM cGMP, respectively; see
rOCNCB co-expression than for hRCNCexpressed alone Fig. 1A here and Yu et al., 1996), making it difficult to use

rOCNCo + hCCNCo

FIGURE 4 Co-assembly of rOCN€and 1.0 - 1.0,

hCCNGCua. Upper left, CAMP dose-response -

relations for homomeric rOCN&and hC- @ 08] g 0.8

CNCa channels, normalized against the re- 3 5

spective maximum cGMP-induced cur- g 0.6 rOCNCa g 0.6

rents. Averaged data from 5 patches for _g 0.4] _“N’ 0.4]

rOCNC« and from 4 patches for hCCNEC © ©

Continuous curves are Eq. 1, witky,,, = g 0.2] hCCNCa g 0.2

64.5 uM, n = 2.04, scaling factor= 0.97 z z s

for homomeric rOCN@, andK,,, = 1.11 0 2 c . - 101 T .
mM, n = 1.48, scaling factor= 0.21 for 1 10 100 1000 10000 10 100 1000 10000
homomeric hCCNa@. Upper right, CAMP [CAMP] (uM) [cAMP] (uM)

dose-response relation from one patch in a
co-expression experiment, again normal-
ized against the maximum cGMP-induced
current. The continuous curve is Eq. 1, with 1.0, 1.04

Ky, = 248 uM, n = 1.39, scaling factor = =
0.58. Dashed curves are Eg. 3, with values S'CJ 08y 2 0.8

S 1 LT =
of 0, 0.2, 0.4, 0.6, 0.8, and 1.0. Lower 3 0.6] 3 oal e
panels, results from two other patches. Con- 3 o
tinuous curves correspond to Eg. 1, with N ¢ 41 rOCNCo. ﬁ 0.4 ] "OC_TC“
Kz = 159 uM, n = 1.89, scaling factor g T < hCONG
0.87 (eft), andK,,, = 363 uM, n = 1.13, o 0.2] hCCNCa § 0.2 *
scaling factor = 0.80 (ight). Dashed Z P Zz
curves are best fits from Eq. 3, with= 0= T : r 0= T . T
0.27 (eft) and 0.41 (ight). 10 100 1000 10000 10 100 1000 10000

[CAMP] (uM) [cAMP] (uM)
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the linear-combination method as a test for rOGMEC-  combination curves clearly indicate that the two channel
CNCa co-assembly with cGMP as ligand. However, the proteins can co-assemble.
corresponding cAMP dose-response relations for the two Next, we tested for rOCN&dCNCB co-assembly. Be-
homomeric channels are very differeit,(, values of~64  cause dCN@, like otherB-subunits described above, do not
puM and 1.1 mM cAMP, respectively; see Fig.upper left  form homomeric channels that can be activated by cyclic
pane), so we chose cAMP as the ligand for our experi- nycleotides (J. L. Davis, D. Krautwurst, K.-W. Yau, and
ments. The maximum current inducible by CAMP relative toR R, Reed, manuscript in preparation), co-assembly can be
that by cGMP for homomeric hCCNCis also greatly revealed by any significant difference in observed channel
different (a ratio of 0.21, see Fig. 4pper left pangl  roperties from the homomeric rOCNCchannel as de-
permitting an even more sensitive test using thg linearyqrined above. With cGMP as ligand, tkg,, appeared to
combination method. As an example, in Figupper right o jigniy higher for rOCNG/dCNGCB co-expression than
pane| t.he CAMP dose-response relgtlon, with arnpl'tUdGrOCNCoz expressed alone (data not shown); however, this
normallzgd with respect to the maximum CGMP"nducedsmall difference detected by comparing across patches was
current, is shown for an excised patch from a rOG@NC dged to be inconclusive. Instead, we decided to compare
hCCNCux co-expression experiment. The dashed curves argJ ge e pare,
calculated according to the equation: on the same patch, the maximum cGMP- and cAMP-in-
duced currents. As shown in Fig.B left panel whereas
3) high concentrations of cGMP and cAMP produced practi-
cally identical currents for homomeric rOCNCchannels
where I_,.{C) and I,(C) are given by normalized Hill (upper trace, the maximum cAMI?—lnduced current. was
equations identical to Eq. T,and 1—f are the respective 8% of the maximum cGMP-induced current in an
fractions of maximum cGMP-induced current contributed™@CNC/dCNGS co-expression experimenibver trace).
by the two populations of homomeric channels, the scalind\veraged dose-response data from multiple experiments
factors 0.21 and 0.97 reflect the respective maximunyVith CAMP as ligand also suggested co-assembly (Fig, 5
cAMP-induced current/maximum cGMP-induced currentfight pane). The heteromeric rOCN&dCNGB channel
ratios for the two channels, ar@is CAMP concentration. may have a maximum cAMP-induced current/maximum
Again, the fit to the experimental data is poor regardless oEGMP-induced current ratio even lower than the averaged
f value (0, 0.2, 0.4, 0.6, 0.8, and 1.0 shown) indicative ofvalue of 0.76 indicated in the dose-response data because of
co-assembly between the two subunits. The lower panels gfossible bias from the presence of homomeric rOGNC
Fig. 4 show two more examples of this type of experiment,channels. Associated with the change in maximum cAMP-
along with the best fits based on Eq. 3, leading to a similainduced current there was a slight increase inKhg for
conclusion. cAMP, as would be expected from a changePjp Instead
The fact that OCN@ and CCNGx can co-assemble, as of rOCNCa, hRCNGx could have been used to test for
do OCNGr and RCNG, suggests that RCNC and  co-assembly with dCNgG, but the expression levels of
CCNCa can likewise do so, even though we have not testeqOCNCx and dCN@ appeared to be more comparable to
this possibility. each other.
Finally, we tested the ability of tax-4 from nematode to
co-assemble with the vertebrate proteins. Because tax-4 has

I(C) = 0.21X fl0ndC) + 0.97X (1 — f)154(C)

Co-expressions of hRCNC« and dCNCe¢, a very lowK,,, for cGMP of ~0.4 uM (Komatsu et al.,
rOCNCa and dCNCpB, hRCNCa and tax-4, tax-4 1996; also Fig. 6A, upper left panel here), we used
and hRCNCp hRCNCx for assay with the linear-combination method.

To examine the degree of evolutionary conservation withi Co-expression experiments (Fig.G upper rightand the

the cyclic-nucleotide-activated channel family, we testegtwO lower panel} clearly indicated that tax-4 could co-

for co-assembly between the vertebrate subunit proteins an%ss_emble V_\"th hRCN@_ In _occasmnal patches there was a
those from fly and nematode. For the dCMBRCNGx noticeable inflection point in the dose-response relation (for

experiments, instead of using the wild-type hRGN@ve e>l<ample, indicated by tharrow in the lower right pane! in
took advantage of a point mutant of hRRCN(H418E) that  F19- 6 A), a feature that we almost never detected in co-
we recently found to have an even highigy, for cGMP of ~ EXPression experiments involving othersubunits. This
146 M (J. T. Finn, H. Zhong, J. Li, and K.-W. Yau, inflection point may simply result from the fact that homo-
manuscript in preparation) compared to the low value of 3.4N€ric tax-4 channels have such a &, for cGMP that

uM cGMP for dCNGx (Fig. 5 A, left upper pangl This  their contribution to the overall dose-response relation, even
wide difference makes the linear-combination method evefn mixed channel populations, is still discernible. We have
more suitable as a test for co-assembly. In the upper rigrlso employed hRCNE to check for co-assembly with
and the two lower panels of Fig. A measurements from tax-4 based on the shift in the cGMP dose-response relation
three patches are shown and displayed in the same format asd the appearance of flickery openings in co-expression
in Fig. 1 A. The disparity between the data and the linear-experiments. Both tests indicated co-assembly (FiB).6
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A

FIGURE 5 hRCN@/ACNCa  and
rOCNCa/dCNCB co-assemblies. A)
Co-assembly of hRCN& and dCNG.

Upper left, normalized cGMP dose-re- 1.0 1.0,
sponse relations for homomeric dCNC S 0.8] ‘g 0.8
and hRCN@(H418E) channels. Aver- E g ; hRCNC o
aged data from 3 patches for dCNC O 0.6] dCNCo, O 0.6] © S (Ha18E)
and 4 patches for hRCNGH418E). ? hRCNCo, ® ol +
Continuous curves are Eq. 1, wiy,, % 0.4 (H418E) % 0.4 ‘ dCNCa
= 3.39 uM, n = 1.51 for homomeric £ £ ;
dCNCx andK,,, = 146 uM, n = 1.67 2 0.2; S 02 /
for homomeric hRCN@(H418E). Up- 0] 0 letfii ool - -
per right, cGMP dose-response relation 0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
from a patch in a co-expression experi- [cGMP] (uM) [cGMP] (uM)
ment. The continuous curve is Eq. 1,
with K;, = 25.2 uM, n = 1.54. The
dashed curves are from a linear-combi- 1.0- 1.0-
nation expression similar to Eq. 2, with - -
the fraction of total current contributed g 0.8 } & 0.8]
by hRCNGx(H418E) being 0, 0.2, 0.4, 5 hRCNC o 5 hRCNC«
0.6, 0.8, and 1.0, respectively. Lower g 0.6 ’," (H418E) g 0.6 (H418E)
panels, results from two other patches. a + @ +
Continuous curves are Eq. 1, wiky, ] 041 e dCNCa % 0.41 dCNCa
= 35.1uM, n = 1.29 (eft) andK,,, = £ 02] .7 E 02 .-
38.9 uM, n = 1.38 (ight). Dashed z =z -
curves are best fits based on linear com- 0 v T r 0 . . r .
bination as above, with the fraction of 1 10 100 1000 1 10 100 1000
total current contributed by dCNC= [cGMP] (uM) [cGMP] (uM)
0.40 (eft) and 0.39 (ight). (B) Co-as-
sembly of rOCN@ and dCN@3. Left,
comparison of maximum currents in-
duced by cGMP (10 mM) and cAMP
(10 mM) for a patch containing B
rOCNCua and another patch containing
fOCNCa + dCNCB: —60 mV. Right, _¢§ A oG 105

: rOCNCao -
averaged CAMP dose-response relations S 0.8]
for rOCNCx (8 patches) and rOCNE ' l _|50 pA =
+ dCNCB (11 patches), normalized O 0.56]
against the respective maximum current 50s ®
induced by cGMP (10 mM)=60 mV. el - S - C £ 0.4] rOCNCo. rOCNCa
Continuous curves are Eq. 1, wiky, rOCNCa S 0.2 dC+NCﬁ
= 67.6uM, n = 1.66, scaling factor dClTICB S 9]
0.96, andK,,, = 177 uM, n = 1.15, ", l-J L/ 300 pA o] ' ] .
scaling factor= 0.76. 10 100 1000 10000

50s [CAMP] (uM)

DISCUSSION with the percentages of identity ranging from 40% to 62%.

On the other hand, it is somewhat surprising that, even

Apart frpm eIuc@atmg some'of.thelr properties, the CO.'though theB-subunits as a group share very limited homol-
expression experiments have indicated that all tested cyclic- . :
gy among themselves, they can substitute for each other in

nucleotide-activated, nonselective cation channel sub? : . .
units—from nematode to human—can co-assemble Wmfflssemblmg with the-subunits. For example, dChgbears

each other to form functional channels. This is probably the?N!y 29% identity to rOCNG, but can co-assemble with the
first demonstration of homologous ion channel subunitd@tter's native partner, rOCN& Because of the limited
from two species as evolutionarily diverged as nematodd©mologies among th@-subunits, clues about any func-
and human shown to be able to co-assemble functionallyional domains important for assembly may be derivable
Previously, co-assembly was found betw&irakerpotas- ~ from sequence comparisons. At presentgrgubunit of the
sium channel subunits from fly and rat (Isacoff et al., 1990).cone channel has not been identified at the molecular level.
In Table 1 we depict the degrees of amino acid identityAt the same time, we have not examined in this study the
among the various subunits tested. Considering that th&ax-2 channel protein, which is presumably the correspond-
variousa-subunits can all cross-assemble, it is perhaps naing B-subunit of theC. eleganshannel (Coburn and Barg-
too surprising that they are quite homologous to each othemann, 1996). However, based on the findings reported here,
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FIGURE 6 hRCNG/tax-4 and
tax-4/hRCN@ co-assemblies. A)
Co-assembly of hRCN& and tax-4.
Upper left, normalized cGMP dose-
response relations for homomeric
tax-4 and hRCN@ channels. Aver-
aged data from 5 patches for both.
Continuous curves are Eqg. 1, with
Ky = 0.470 uM, n = 2.27 for ho-
momeric tax-4 ankK,,, = 63.2 uM,

n = 2.02 for homomeric hRCN&
(see Fig. 1A, upper lefy. Upper right,
cGMP dose-response relation from a
patch in a co-expression experiment.
Continuous curve is Eq. 1, witK,,,

= 4.32uM, n = 1.45. Dashed curves
are from a linear-combination expres-
sion similar to Eq. 2, with the fraction
of total current contributed by
hRCNCx being 0, 0.2, 0.4, 0.6, 0.8,
and 1.0, respectively. Lower panels,
results from two other patches. Con-
tinuous curves are Eq. 1, with,,, =
12.6 uM, n = 1.01 (eft), andK,, =
17.3 uM, n = 1.16 fight). Dashed
curves are best fits based on linear
combinations, with the fraction of to-
tal current contributed by tax-4=
0.33 (eft) and 0.29 (ight). The arrow

in the lower right panel indicates sign
of an inflection point in the experi-
mental dose-response relationB) (
Co-assembly of tax-4 and hRCI8C
Upper left and right panels, cGMP
dose-response relations from two
patches, showing an increaseHy,,
relative to homomeric tax-4. Contin-
uous curves are Eq. 1, with,, =
1.90uM, n = 1.73 (eft), andK,, =
1.89 uM, n = 1.57 fight). Dashed
curves are identical to continuous
curves for homomeric tax-4 in the
upper left panel. Lower panels, the
presence of hRCNgproduced flick-
ery single-channel openings;-60
mV. Nominal cGMP concentrations
were 0.06 uM (left) and 0.1 uM
(right). The same protocols and data
processing are used as in FigC2
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TABLE 1 Amino acid-identity comparisons among various cyclic-nucleotide-activated, nonselective cation channel subunits

Percent Identities of CNC Subunits

Identity hRCNCx rOCNCx hCCNCx dCNCa tax-4 hRCN@* rOCNCB dCNCB
dCNCB 33 33 33 32 31 24 29
rOCNCB 42 44 43 38 32 18
hRCNQ3* 22 21 22 22 24
tax-4 42 40 40 40
dCNCa 43 46 47
hCCNCx 62 61
rOCNCx 59
hRCNCx

The coding regions of the channel subunits (for references on amino acid sequences, see Experimental Procedures) were aligned with the ddstal V meth
of the MacAlign software from DNAstar. Each number represents the percentage of identical amino acid residues shared by two aligned sequences.
*For hRCNGQB, we have used the sequence of hRCNC2b (Chen et al., 1993), which is a truncated forng cluthenit, for the alignment.

it is quite likely that these two proteins will co-assemble gion), a putativeB-hairpin forming part of the pore, and
with the subunits described in this work as well. cytoplasmic N- and C-termini, with the C-terminus bearing

While three distincte-subunits and two disting8-sub-  the cyclic-nucleotide-binding domain (for reviews, see
units have been identified for the vertebrate cyclic-nucleKaupp, 1995; Finn et al., 1996; Zagotta and Siegelbaum,
otide-activated, nonselective cation channels to mediate vit996). Functionally, the two families of ion channels also
sual transduction in rods and cones and olfactoryappear to be distant relatives (see, for example, Hegin-
transduction in olfactory cilia, so far only one eachvefand  botham et al., 1992). For thehakersuperfamily of potas-
B-subunits have been identified in invertebrate species. lsium channels several subfamilies exist, with multi-gene
Drosophilg Southern blot analysis of genomic DNA has members within each subfamily being able to co-assemble
not led to any additionak-subunit genes (Baumann et al., among themselves but unable to cross-assemble with those
1994). InC. eleganswhich has no photosensitive ocelli, the belonging to another subfamily, unless the molecular do-
single a- and B-subunit genes identified appear to mediatemain crucial for assembly is exchanged (Isacoff et al., 1990;
olfactory, gustatory, and thermal sensations (Komatsu et alRuppersberg et al., 1990; Covarrubias et al., 1991; Sheng et
1996; Coburn and Bargmann, 1996). Thus, possibly, singlal., 1993; Wang et al., 1993; Li et al., 1992; Shen and
ancienta- andB-subunit genes have multiplied into distinct Pfaffinger, 1995; Xu et al., 1995; Jan and Jan, 1997). It will
but compatible copies during evolution, providing a greaterbe interesting to see whether the same situation eventually
diversity of channel properties to meet specific cellularapplies to the cyclic-nucleotide-gated channels as well if
functions. new members are identified.

Because all of the subunits can cross-assemble a variety At the same time, as pointed out in the Introduction, there
of channel compositions, each with a unique set of properare other varieties of cyclic-nucleotide-gated cation chan-
ties, can be combinatorially generated from just a f'ew nels beside those that are nonselective among cations and
and B-subunits. Besides heteromers involving amsub-  examined here. Thus, cyclic-nucleotide-activated channels
unit species and ong-subunit species, there can, in prin- that are selective for potassium have been described in
ciple, also be heteromers involving two or maresubunit  native tissues (Delgado et al., 1991, 1995; Gomez and Nasi,
species, heteromers involving oresubunit species and 1995; Hatt and Ache, 1994, Labarca et al., 1996). Based on
more than ong3-subunit species, and so on. Whether thisrecent cDNA cloning, a channel protein with this charac-
combinatorial diversity is indeed taken advantage of by thderistic appears to be, interestingly, more homologous to the
animal can only be revealed by examining the subunitShakersuperfamily of potassium channels than to the cy-
compositions of native cyclic-nucleotide-activated channelglic-nucleotide-activated, nonselective cation channels (Yao
found in cells and tissues other than sensory receptor celkst al., 1995). Nonetheless, it would be interesting to see
(see Introduction). At a crude level, at least, existing infor-whether or not this protein can assemble with the sensory
mation suggests that both the rod-charwsubunit and the channel subunits described in this paper. Another variety,
cone-channek-subunit, but apparently not the rod-channelnamely cyclic-nucleotide-inhibited cation channels, has
a-subunit, are expressed in the testis and heart (see Intrebeen described in the apical membrane of renal inner med-
duction); likewise, the olfactory-channgtsubunit, but ap- ullary collecting duct cells as well as certain taste receptor
parently not the olfactory-channetsubunit, is expressed in cells (Light et al., 1989; Ahmad et al., 1992; Kolesnikov and
the vomeronasal organ (Berghard et al., 1996). Margolskee, 1995). So far, however, only cDNAs coding

According to their amino acid sequences, theand cyclic-nucleotide-activated channel subunits that are either
B-subunits both have an overall structure resembling that oidentical to, or probably orthologs of, the sensory channel
the Shakersuperfamily of potassium channels, with six subunits have been obtained from these locations (Ahmad et
putative transmembrane domains (including an S4-like real., 1992; Karlson et al., 1995; Misaka et al., 1997). Thus,



1344 Biophysical Journal Volume 74 March 1998

yet unidentified channel proteins may also exist that co-Chen, T.-Y., Y.-W. Peng, R. S. Dhallan, B. Ahamed, R. R. Reed, and
assemble with the sensory channel subunits to give rise to K.-W. Yau. 1993. A new subunit of the cyclic nucleotide-gated cation
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