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ABSTRACT In vertebrate olfactory receptors, cAMP produced by odorants opens cyclic nucleotide-gated (CNG) channels,
which allow Ca?* entry and depolarization of the cell. These CNG channels are composed of « subunits and at least two types
of B subunits that are required for increased cAMP selectivity. We studied the molecular basis for the altered cCAMP selectivity
produced by one of the B subunits (CNG5, CNCa4, OCNC?2) using cloned rat olfactory CNG channels expressed in Xenopus
oocytes. Compared with « subunit homomultimers (a channels), channels composed of « and B subunits (a+ 8 channels)
were half-activated (K, ) by eightfold less cAMP and fivefold less cIMP, but similar concentrations of cGMP. The K|, values
for heteromultimers of the « subunit and a chimeric B subunit with the « subunit cyclic nucleotide-binding region (CNBR)
(a+B-CNBRa channels) were restored to near the values for a channels. Furthermore, a single residue in the CNBR could
account for the altered ligand selectivity. Mutation of the methionine residue at position 475 in the B subunit to a glutamic acid
as in the « subunit (8-M475E) reverted the K, 5 camp/K1/2.camp @aNd Ky 2 cimp/K1/2,camp ratios of a+B-M475E channels to be
very similar to those of a channels. In addition, comparison of a+3-CNBRa channels with a+B3-M475E channels suggests
that the CNBR of the 8 subunit contains amino acid differences at positions other than 475 that produce an increase in the
apparent affinity for each ligand. Like the wild-type B subunit, the chimeric B/« subunits conferred a shallow slope to the
dose-response curves, increased voltage dependence, and caused desensitization. In addition, as for a+ 3 channels, block
of a+BCNBRa channels by internal Mg?* was not steeply voltage-dependent (z6 ~1e ) as compared to block of a channels
(zd2.7e7). Thus, the ligand-independent effects localize outside of the CNBR. We propose a molecular model to explain how
the B subunit alters ligand selectivity of the heteromeric channels.

INTRODUCTION

The gating of cyclic nucleotide-gated (CNG) channels is thecAMP-regulated transcription factor, and the regulatory
final step in signaling cascades in the sensory neurons of theubunit of the cAMP-dependent protein kinase (Su et al.,
visual and olfactory systems (Yau and Baylor, 1989; Zufall1995). The cyclic nucleotide-binding region (CNBR) of
et al., 1994). These CNG channels are also found in testi$NG channels exhibits sequence similarity to that of CAP
kidney, heart, and brain, where they may provide a mech¢kaupp et al., 1989), and this similarity has given us the
anism for intracellular cGMP and cAMP to directly modu- opportunity to probe the molecular mechanism of ligand
late the electrical state of the cell and levels of intracelluIarspeciﬁcity. In CAP, the structure of the CNBR consists of a
Ca" (McCoy et al., 1995; Biel et al., 1994; Weyand et al., g roll, made from eightB strands, followed by twox
1994; Zufall et al., 1997; Rieke and Schwartz, 1994). Likepgjices, the B-helix, and the C-helix. The cAMP molecule is
the kinases, distinct CNG channels are differentially actio,nq inside thes-roll, and its purine ring interacts with

vated by cCAMP or cGMP. In the rod photoreceptor, CGMP 1157 in the C-helix of the same subunit. Thus, it has been

Is the physiological ligand (Tanaka et al., 1989; Baylor andsuggested that a region in the putative C-helix in the CNBR

Nunn, 1982), and the CNG channels in the rod. stronglyof CNG channels plays a pivotal role in determining ligand
select for cGMP over cAMP (lldefonse et al., 1992; GordonSpecificity (Goulding et al., 1994: Varnum et al., 1995). In

and Zagotta, 1995b). However, in the olfactory receptor__ .. .
neuron gCNG chann()als are opened equall wellyb CA[,z/lppartlcular, Varnum et al. (1995) showed that D604 in the
' . equaty y tod CNG channek subunit, at a position equivalent to T127

produced by odorant-stimulated activation of adenylyl cy-. . . . e
clase (Nakamura and Gold, 1987; Anholt, 1993). Insightm CAP, is r_esponS|bIe for the high _specn‘lcny for CGMP
into the mechanism of ligand specificity of CNG channels®V®' CAMP in these chgnnels. Muta}tlon of D.604 to methi-
has come from the x-ray structures of catabolite geneQrllne cqused adramatlc Qecrease in the efflcacy.of CGMP,
activator protein (CAP) (Weber and Steitz, 1987), a dimeric2d @n increase in the efficacy of CAMP, as agonists (Var-
num et al., 1995; Sunderman and Zagotta, 1999a).

The cloning of the rod (Kaupp et al., 1989) and olfactory
Received for publication 26 October 1999 and in final form 9 Februaw(Dha”an et al., 1990; Ludwig et al., ]_990) CNG chanael

2000. subunits has demonstrated that these channels are members

Address reprint requests to William N. Zagotta, Ph.D., Dept. of Physiology, f th ; ;
vol -activ family of channel n an n
and Biophysics, HHMI Box 357370, University of Washington, Seattle, of the voltage-activated family of channels (Jan and Jan,

WA 98195-7290. Tel. 206-685-3878; Fax: 206-543-0934; E-mail: 1990, 1992). Like voltage-activated channels, CNG chan-
zagotta@u.washington.edu. nels contain six membrane-spanning segments, a pore-
© 2000 by the Biophysical Society forming P-region, and a tetrameric arrangement of subunits
0006-3495/00/05/2307/14  $2.00 (see Zagotta and Siegelbaum, 1996 for a review). Native




2308 Shapiro and Zagotta

CNG channels are heteromultimers of at least two kinds oprovided by the laboratories of R. R. Reed (The Johns Hopkins School of
subunits, « and 8. When expressed alone, olfactory Medicine, Baltimore, MD) and Kai Zinn (California Institute of Technol-
(CNGZ CNG3 OCNCl) subunits produce functional ho- ogy, Pasadena, CA), respectively. These cDNAs were separately subcloned

ic ch | h buni | d d into a high expression vector, kindly provided by E. R. Liman, that
momeric channels, wheregssubunits alone do not produce contains the untranslated sequences ofXaropus3-globin gene (Liman

CNG currents (Chen et al., 1993; Bradley et al., 1994t al., 1992). In general, the oocyte expression and electrophysiology were
Liman and Buck, 1994; Korschen et al., 1995; Sautter et alljke those previously described (Gordon and Zagotta, 1995a). Briefly,
1998; Bonigk et al., 1999). Recently, it has been shown thaXenopusoocytes were injected with in vitro transcribed RNA coding for
the native Olfactory channel contains two types[bfsub- channel subunits, incubated for 3—7 days at 16°C, and then patch-clamped
its. Het . h | taini both t i in the inside-out configuration. Intracellular and extracellular solutions
units. Heteromeric channels containing both typespof ., ained 130 mM NaCl, 0.2 mM EDTA, and 3 mM HEPES, pH 7.2. For
subunits behaV? more like native olfactory Channels than dgome experiments, niflumic acid (5@M final concentration) was added
channels containing only one type Bfsubunit (Sautter et to the pipette (extracellular) solution to reduce endogenod$-Getivated
al., 1998: Finn et al., 1998; Bonigk et al., 1999)_ One typeCI’ currents. Cyclic nucleotides were added to the internal solution at the
of B subunit (CNG4 3 CNBlb) is an alternatively spIiced concentrations indicated. The cDNAs for the chimeric subunits were gen-

variant of the FOdB subunit and was recently cloned from erated using a method based on PCR like that previously described (Gor-
y don and Zagotta, 1995a) and were verified by sequence analysis. For the

olfactory epithelium (Sautter et al., 1998; Bonigk et al., g.cNBR« chimera, the sequence between C352 and E491 ¢f tubunit
1999). The other type of3 subunit (CNG5, CN@G4,  was replaced by the sequence between C460 and S593 af shbunit.
OCNCY2) is expressed at high levels in sensory neurons dfhe 3-C5x chimera had the following mutations in tifesubunit: M464L,
the primary olfactory epithelium and vomeronasal organ467R.L473M, M475E, N476G.

; . . We generated heteromeric channels by co-injecting RNA fordhe
(Liman and Buck, 1994; Bradley et al., 1994; Berghard etsubunit together with either the wild-typ®@ subunit or a chimerigs/a

al., 1996) and will be referred to in this StUdy as the subunit. We found that co-injecting RNA for the subunits at a ratio of 4:1
olfactory 8 subunit. This subunit has 52% sequence identitya:g maximized expression of heteromultimers. The experiments summa-
with the olfactory « subunit, and 30% sequence identity rized in Fig. 6, showing the results from a rangecop RNA injection
with the rod 8 subunit (Bradley et al., 1994; Liman and ratios from 2:1 to 100:1, indicate that an injection ratio of 4:1 produces
Buck, 1994)_ [t has a membrane topology similar to the sufficient 8 subunits to form almost exclusively heteromeric channels of

. . . . their preferred subunit composition (Shapiro and Zagotta, 1998). Thus, all
subunit but lacks much of the amino-terminal region of thethe rest of the data from heteromultimers were from RNA injection ratios

olfactory a subunit. This region of the olfactory subunit  of ~4:1. Heteromeric channels have a 1:1 stoichiometry (Shapiro and
has been shown to be an autoexcitatory/calmodulin bindingagotta, 1998), and so we interpret the optimal 4:1 injection ratio as
domain that strongly interacts with the gating machinery ofreflecting a greater translational efficiency @fversusa subunits. Due to
the CNBR (Liu et al., 1994: Varnum and Zagotta, 1997). the large effect of thg subunit on the apparent affinity of the channel for
. . CAMP, a population ofe-homomultimers in the coinjection experiments

Incorporatlo_n of the oIfactoryB subunit Changes the >10% would be easily seen in the dose-response curve. We did not see
gating properties of the olfactory channels. Channels comgyigence ofa-homomultimers with an injection ratio of 4:1.
posed of bothw and 8 subunits &+ channels) are half- For patches with homomerie channels, voltage pulses were applied
activated ((1/2) by much lower concentrations of cAMP every 3-5s. Currents from heteromedi¢ 3 or a+chimeric 8/« channels
than channels Composed of orduysubunits (x channels) desensitized. For these channels, cyclic nucleotide-free solution was per-

. . - fused for a minimum of 20 s before each application of ligand, and voltage
(lean and Buck, 1994; Bradley etal., 1994)' Since CAMPpuIses to these patches were applied every 1 s. Once ligand was applied,

is the Iigand for these channels in olfactory neurons, thi"?the pulse with the greatest current was used for the measurement. Using
raises the possibility that the role Bfsubunits is precisely this protocol, we estimate that errors from desensitization were seldom
to achieve the necessary high apparent affinity of CAMP greater than 15% for any given measurement.

making the functional effect of th8 subunit of particular IFtC_’r the Mg™* exPe”’t“e”ftSM(Fi%- 7)l;tW_e adldf'd to 0‘:}: usual i”ftema'

H H f e . solution various amounts o 0 ODtaln solutions with various free
phySK)lOglcal Slgm.flcance.' In thIS StUdy we -fOCUS On_ the[Mgz*], calculated using the I\EI%XC program written by Chris Patton,
oIfactory B subunit and Investigate how th'B subunit Stanford University. For solutions containing a free fMyof 120 uM,
affects CNG channel gating and pharmacology, and exs11 .M, 2.81 mM, 9.81 mM, and 29.8 mM, the amount of Mg@dded
plored the structural determinants of these effects. By comwas 300uM, 1 mM, 3 mM, 10 mM, and 30 mM, respectively.
paring the properties of channels,a+p channels, and
a+chimericB/a channels, we show that the effects of the
subunit on ligand specificity localize to the CNBR, while RESULTS

:‘eeeéfgcéiggn?: Zlgggn(;];trgaetigﬂsz-r:ffsﬁr\)ﬂ%rll()scekrlegigﬁgé VOIVVe studied cloned rat olfactory CNG channels expressed in
9 P ' ' Xenopusoocytes using the inside-out configuration of the

outside the CNBR. Furthermore, we show that a single : o .
residue in the C-helix of the CNBR could account for the patch-clamp technique. Oocytes injected solely with RNA

altered ligand specificity coding for the olfactorya subunit produced homomeric

' channels ¢ channels). Fig. 1 shows currents fraachan-
nels in response to various concentrations of cCAMP, cGMP,
METHODS or cIMP. Currents were recorded using successive pulses to

The cDNA for thea subunit (CNG2, CNG@3, OCNC1) and theg subunit ~ —60 and 60 mV from a holding potential of 0 mV (Fig. 1,
(CNG5, CNG4, OCNC?2) of the rat olfactory CNG channel were kindly inse). To elicit CNG current, cyclic nucleotides were ap-
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FIGURE 1 Currents in homomerig channels, heteromerie+ B channels, and heteromerict 3-CNBRa channels activated by a range of concentra-

tions of cAMP, cGMP, and cIMP. The pulse protocol used is shown at the bottom. Selected concentrations near half-maximal activation are labeled. For
« channels, the cAMP concentrations wepeM) 10, 20, 50, 100, 200, 1000; the cGMP concentrations weh)(0.5, 1, 2, 5, 10, 20, 50, 100; and the

cIMP concentrations were 50M, 100 uM, 200 uM, 500 uM, 1 mM, 2 mM, 10 mM. Fora+ 3 channels, the cAMP concentrations wepeV) 1, 2, 5,

10, 20, 50, 100, 200, 1000; the cGMP concentrations weké) (0.5, 1, 2, 5, 10, 20, 50, 100; and the cIMP concentrations weké&) (10, 20, 50, 100,

200, 1000. Forx+ B-CNBRa channels, the cAMP concentrations wegd) 5, 10, 20, 50, 100, 200, 1000; the cGMP concentrations weké) 0.2, 0.5,

1, 2, 5, 10, 20, 50, 100; and the cIMP concentrations wergNI020 uM, 50 uM, 100 uM, 200 uM, 1 mM, 10 mM. Fora channels, currents are from

three different patches. Fer+ 8 channels, the currents in cGMP and cIMP are from the same patch, and the currents in cAMP are from a different patch.
For a+B-CNBR« channels, currents in cAMP and cGMP are from the same patch, and the currents in cIMP are from a different patch.

plied to the intracellular side of the patch and the leakdifferent froma channels (Liman and Buck, 1994; Bradley
currents in the absence of cyclic nucleotide were subtracteat al., 1994). Compared @ channelsp+ 3 channels were
For cAMP and cGMP, the properties of thesechannels activated by much lower concentrations of cAMP and
were very similar to those previously described for homo-cIMP, but similar concentrations of cGMP. In addition, the
meric channels of the olfactory subunit (Dhallan et al., currents exhibited a slow relaxation to steady state after a
1990). voltage step. This may reflect greater voltage dependence or
Oocytes injected only with RNA for thegd subunit  slower gating of the heteromeric channels, such that more
(CNG5, CNGr4, OCNC2) did not express functional CNG channels are open at depolarized versus hyperpolarized po-
channels. However, oocytes co-injected with RNA codingtentials. These currents also exhibited greater rectification at
for both thea subunit and the8 subunit expressed hetero- saturating concentrations of ligand than the currents fsom
meric channels formed from both the and 8 subunits  channels. Finallye+ B channels, but nott channels, ex-
(a+ B channels) with gating and pharmacological propertiegressed in oocytes desensitized after the application of
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ligand over a period of several seconds (Fig. 2). Thus, whe+ 8 channels. These results for activation®of 8 chan-
recording from heteromultimers, every application of ligandnels by cAMP and cGMP are very similar to those reported
was preceded by-20 s in cyclic nucleotide-free control (Liman and Buck, 1994; Bradley et al., 1994). As for
solution, which was sufficient time for full recovery (data cAMP, the presence of thg subunit had a large effect on
not shown). Collectively, these identifying characteristicsthe apparent affinity of the channel for cIMP (FigC3. For
clearly distinguish between channels composedafub-  « channelsK,,, was 350+ 34 uM (n = 10), but fora+p
units and those composed of bathand 8 subunits, and channelsK;,, was 86+ 21 uM (n = 3). For all three
represent the signature effects of {Beubunit. ligands, the slope of the dose-response curve was consider-
To localize the region of th8 subunit responsible for the ably less fora+8 channels (Hill coefficients= 1.3-1.5)
altered properties, we first constructed a chim@rgubunit  than fora channels (Hill coefficients= 2.1-2.6).
with the « subunit cyclic nucleotide-binding regiorB Dose-response relations far- 3-CNBRa channels indi-
CNBRa). Like the wild-type subunit, the chimeric sub- cated that their specificity for the three ligands reverted to
unit did not yield functional CNG channels when expressedie like o channels (Fig. 3). Data for activation of channels
alone, but when co-expressed with thesubunit yielded by cAMP, cGMP, and cIMP were fit by Hill equations with
heteromeric channelsx{- 3-CNBR« channels) with some K;,, values of 119+ 9 uM (n = 9), 7.0% 0.5uM (n = 8),
properties likea channels and some properties likg-3  and 598+ 152 uM (n = 3), respectively. However, Hill
channels. Likex+ 3 channelsp+B-CNBRa channels also  coefficients for activation oft+ 3-CNBRa channels by the
exhibited a slow relaxation to steady state after a voltage¢hree ligands (1.1-1.4) were similar to those for activation
step and rectification at saturating concentrations of cycliof a+ 8 channels. Thus, substitution of thesubunit CNBR
nucleotides (Fig. 1). In addition, they also desensitized likeinto the 8 subunit nearly restores th¢,,, values to be like
a+B channels (Fig. 2). However+B-CNBRa channels « homomultimers; however, the shallow slopes of the dose-
are activated by concentrations of cAMP, cGMP, and cIMPresponse curves remain. We conclude that the ligand-spe-
similar to a channels. We also generated the inverse chiific shift of the apparent affinities caused by tBesubunit
mera, consisting of the subunit with the CNBR of the8 localizes to the CNBR, but the ligand-nonspecific shallow-
subunit, but that chimera did not produce functional chaning of the dose-response relation, slow gating, rectification,
nels, either alone or as a heteromultimer with éh&ubunit.  and desensitization localize to a different part of the protein.
Dose-response curves for activation of channels by
cAMP, cGMP, and cIMP from patches expressiaghan-
nels, a+ B channels, o+ B-CNBRa channels are shown
in Fig. 3. There were two robust effects of co-expression o
the wild-type B subunit on the dose-response relation: aTo further localize the structural basis for the alterations in
marked ligand-specific increase in the apparent affinity ofligand specificity produced by thB-CNBRa chimera, we
the channel for cAMP and cIMP, and a ligand-nonspecificmade more restricted chimeras within this domain. We
decrease in the slope of the dose-response curve. We qudocused on amino acid differences that were predicted from
tified CNG channel gating by fitting dose-response datathe CAP structure to be within 5-10 A from the purine ring,
with the Hill equation. For cAMP (Fig. 3), the concen- the portion of the cyclic nucleotide that differs between
tration that gave half-maximal curreri{,) at 60 mV in  cAMP, cGMP, and cIMP. A cluster of such residues was
patches witha channels was 8% 3 uM (mean*= SEM, found in the putative C-helix of the CNBR, and we replaced
n = 26), but about eightfold less, 104 0.7 uM (n = 22)  five residues in the C-helix of thg subunit (M464L,
for patches withe+ B channels. For cGMP, however (Fig. K467R, L473M, M475E, N476G) with the corresponding
3 B), K,,, was similar for the two channel types: 2¢80.1  residues of thex subunit 3-C5«). Replacement of these
uM (n = 10) for a channels and 4.& 0.8 uM (n = 6) for  five residues dramatically increased the apparent affinity for

f?,tructural basis for ligand specificity in the CNBR

A B C

o+ channels o+B-CNBRo. channels
FIGURE 2 Desensitization. Currents from o channels p B

patches containing homomerie channels 4),
heteromerica+B channels B), or heteromeric
a+B-CNBRa channels €), activated by 1 mM
cAMP. Patches were held at 0 mV, and voltage
pulses were applied to 60 mV every 1 s. In each
case, the first pulse shown was given withis of
application of ligand. IrA—-C, the first five, seven,
and seven pulses are shown, respectively.

MR

N 7th
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the roda subunit that has previously been shown, for sod
channels, to have a dramatic effect on cyclic-nucleotide
specificity (Varnum et al., 1995). To test whether a differ-
ence at this residue alone might be able to account for the
effects of theB subunit on cyclic nucleotide specificity, we
constructed the point mutation M475E in tie subunit.
Co-expression of thig-M475E subunit with olfactoryx
subunits also yielded channels with a greatly increased
apparent affinity for cGMP, and decreased apparent affinity
for cAMP (Fig. 4 C). For activation of these+ 3-M475E
channels by cGMP and cAMK,,, was 0.55= 0.05uM
(n=4)and 37uM = 4 uM (n = 4), respectively. Thus, the
B-M475E mutation produces large, ligand-specific alter-
ations in the apparent affinities of the olfactory heteromeric
channels, similar to those seen in recchannels (Varnum
et al., 1995; Varnum and Zagotta, 1996). In addition, com-
parison ofa+ B-CNBR« channels withw+ 3-M475E chan-
nels suggests that the CNBR of thfe subunit contains
amino acid differences at positions other than 475 that
produce an increase in the apparent affinity for each ligand.
We calculated the ratio oK, values for cAMP and
CGMP Ky/2.camdK1/2.comp @s a measure of the CAMP-to-
cGMP selectivity (Fig. D). For olfactorya-homomultim-
ers, cGMP is a more potent agonist than CANKR}, ;. amd
K12 cevpfor these channels is nearly 30. The effect of the
B subunit in the channel is to greatly increase the apparent
affinity of CAMP relative to cGMP, decreasing, , .amd
K12, compto ~2. Replacing the CNBR of thg subunit with
that of thea subunit almost completely reversed this effect,
so thatKy, camdK1/z compfor a+B-CNBRa channels was
more similar to that for channels. Furthermore, replacing

FIGURE 3 Dose-response data. Data are the amplitude of CNG currenlﬁjst the C-helix ﬁ-CSa) or 0n|y a single residue within the

at 60 mV elicited by a range of cyclic nucleotide concentrations, normal
ized to the maximum current, fax channels gquare$, o+ channels
(circles), or a+B-CNBRa channels tfiangles for cAMP (top), cGMP
(middle), and cIMP potton). Superimposed on the data are fits to Hill
equations of the fornh = I ,,,{[cNMP]"/K],, + [cNMP]"), where [cNMP]

is the concentration of ligand,,, is the concentration that produces
half-maximal current, and n is the Hill coefficient. For activation of
channels by cAMP, cGMP, and cIMK,,, = 85 uM, 2.8 uM, 363 uM
andn = 2.2, 2.7, 2.4, respectively. For activation @f-3 channels by
CcAMP, cGMP, and cIMPK,,, = 8.8 uM, 4.3 uM, 61 uM andn = 1.4,
1.3, 1.7, respectively. For activation aft B-CNBRa channels by cAMP,
cGMP, and cIMPK,,, = 143uM, 6.3uM, 579 uM andn = 1.2, 1.2, 1.2,
respectively.

C-helix (3-M475E) was sufficient to produce high cGMP-
to-cAMP specificity. We conclude that the residue at posi-
tion 475 in the olfactory3 subunit plays a significant role in
ligand discrimination, and that, like in rod subunits, an
acidic amino acid at this position induces high cGMP-to-
cAMP selectivity. A methionine residue at this position in
the olfactoryB subunit allows for activation of the hetero-
multimeric olfactory channels by cAMP, its physiological
ligand.

The residue at position 475 in tiesubunit also plays a
key role in determining the cIMP-to-cGMP specificity in
olfactory heteromeric channels. Botit3-C5a channels

cGMP and decreased the apparent affinity for cAMP ofand a+B-M475E channels exhibited an apparent affinity

«a+B-Cha channels compared t@+ 3 channels (Fig. 4A
andB). For activation ofa+ B channels by cGMR;,, was
4.8 = 0.8 uM (n = 6), but for a+B-C5a channelsK;,,
decreased by 10-fold to 0.34*= 0.03uM (n = 5). TheK,,»
for activation of a+B-C5a channels by cAMP, however,
was actually increased by almost twofold from 16:10.7
uM (n = 22) for a«+ B channels to 18.5- 1.9 uM (n = 7)
for a+B-C5a channels.

One of the mutations made in thg2C5«a chimera was

for cIMP only slightly higher than the apparent affinity of
cIMP for a+pB channels (Fig. 5A-C. For a+pB-Cha
channels, th&, , for activation by cIMP was 37 9 uM

(n = 3), and fora+pB-M475E channels, th&,,, was 53+

7 uM (n = 4). However, theKy/, udK1/2 comp ratios for
these channels were much more similar to those ofathe
channels than to those of+ B channels (Fig. D). This
result reflects the fact that th®2 C5« chimera ang@3-M475E
point mutation are having a much larger effect on activation

M475E. This residue is at a position equivalent to D604 inby cGMP than on activation by cIMP. Since cGMP and

Biophysical Journal 78(5) 2307-2320
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FIGURE 4 Effect of chimeras in the C-helix on cAMP selectivity. Data are the amplitude of CNG currents at 60 mV elicited by a range of concentrations
of cAMP and cGMP fora+ 8 channels &), a+BC5a« channelsB), or a+B-M475E channels®). Superimposed on the data are fits to Hill equations, as
described in the legend to Fig. 3. For activatiomef 8 channels by cAMP and cGMIK,,, = 6.38 uM and 3.85uM andn = 1.7 and 1.7, respectively.

For activation ofa+BC5x channels by cAMP and cGMK,,, = 20 uM and 0.34uM andn = 1.5 and 1.5, respectively. For activationef p-M475E

channels by cAMP and cGMK,,, = 48 uM and 0.69uM andn = 1.7 and 1.7, respectively. Plotted Inare box plots for the ratio df,,, values for

CAMP to cGMP for these three channels. The vertical line in the middle of each box marks the median of the data. The box shows the middle half of the
data, between the 25th and 75th percentiles. The “whiskers” show the data between the 5th and 95th percentiles. The circles are the extrenge points in th
data.

cIMP differ at only the 2 position of the purine ring, this However, currents from three heteromeric channels with
result suggests that, like in thesubunit, the amino acid at different cyclic nucleotide selectivitiesaf3 channels,
475 is able to interact with this region of the cyclic nucle- «+B-M475E channels, and+B-C5a channels) all dis-
otide molecule. played time-dependent rectification ahgyp. safl comp, sat

For a and a+B channels, all three cyclic nucleotides values near one at both60 mV and+60 mV (data not
activated the same maximal current. Ferchannels, the shown). This suggests either the unlikely possibility that the
ratio of the current activated by saturating concentrations obpening transition is unfavorable and cyclic nucleotide-
cAMP to that activated by saturating concentrations ofindependent in these heteromeric channels, or more likely,
CGMP (.amp, saflcamp, st Was near one (Table 1). The that the opening transition is favorable and the time-depen-
ability of these ligands to activate the same maximal currentlent rectification comes from additional closed states apart
in « channels arises from the energetically favorable openfrom those leading to opening. Voltage-dependent occu-
ing transition of this channel (Gordon and Zagotta, 1995b)pancy of these additional closed states could produce a
For a+ B channels) avp. saflcomp, satWas also near one. greater voltage dependence in maximal open probability,
That these ligands can activate the same maximal currestuch that fully liganded heteromeric channels spend more
for a+ B channels as well suggests, but does not prove, thatime open at 60 mV than at-60 mV. Comparison of
opening is energetically favorable far+3 channels also currents obtained by stepping patches held at 0 mV directly
(Table 1). In theory, the increased time-dependence antb 60 mV or—60 mV suggests that both this mechanism and
rectification of a+B channels versusx channels could open-channel rectification may contribute to increased
reflect a less favorable opening transitiornitt 8 channels.  steady-state rectification. Using this protocol, the instanta-
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FIGURE 5 Effect of chimeras in the C-helix on cIMP selectivity. Data are the amplitude of CNG currents at 60 mV elicited by a range of concentrations

of cGMP and cIMP, fora+ B channels &), a+BC5a« channelsB), or a+3-M475E channels@). Superimposed on the data are fits to Hill equations, as
described in the legend to Fig. 3. For activatiormef 3 channels by cGMP and cIMK,,, = 4.3 uM and 61uM andn = 1.5 and 1.5, respectively. For
activation ofa+ BC5a channels by cGMP and cIMK,,, = 0.41uM and 55uM andn = 1.4 and 1.4, respectively. For activationeof p-M475E channels

by cGMP and cIMPK,,, = 0.46 uM and 55uM andn = 1.5 and 1.5, respectively. Plotted Ihare box plots for the ratio d,,, values for cIMP to

cGMP for these three channels. The vertical line in the middle of each box marks the median of the data. The box shows the middle half of the data, between
the 25th and 75th percentiles. The “whiskers” show the data between the 5th and 95th percentiles.

neous current at the start of the voltage step, which should For a+B-CNBRa channels, saturating concentrations of
reflect open-channel properties, was greater at 60 mV thacAMP produced only~75% of the current produced by
at —60 mV (data not shown). saturating concentrations of cGMP. This smaller current

TABLE 1 Parameters for activation of channels by cAMP

K42, CAMP, K42, CAMP, “n,” CAMP, | _gd/lgor CAMP leampllcamp
Channel 60 mV (uM) —60 mV (uM) 60 mV (maximal) (maximal, 60 mV)

« channels 83 3 89+ 3 2.33* 0.06 0.79+ 0.01 0.98+ 0.02
n=26 n= 26 n=25 n=28 n=12

a+ B channels 10.3% 0.7 16.3+ 1.0 1.49+ 0.04 0.52+ 0.01 1.11+ 0.03
n=22 n=22 n=20 n =46 n=31

a+B-CNBRa channels 1199 131+ 6 1.42+ 0.04 0.51+ 0.04 0.75+ 0.02
n=9 n=9 n=9 n=13 n= 36

a+B-C5 channels 18.5 1.9 28.9+ 2.1 1.47+ 0.06 0.52+ 0.04 1.03+ 0.06
n=7 n=7 n=7 n=7 n==6

a+B-M475E channels 36.9 4.2 59.9+ 4.5 1.59+ 0.10 0.51+ 0.02 0.87+ 0.02
n=4 n=4 n=4 n=4 n=4

Data are from fits of dose-response data to Hill equations as in Fig. 3. For current amplitudes at 60 mV the peak current was measured to minimize effects
of ion accumulation in the pipette (Gordon and Zagotta, 1995a). The measuremeii8 atV were usually the current amplitude at the end of the step
to —60 mV.
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produced by saturating cAMP almost certainly reflects a

decreased ability of cAMP to induce opening once bound, A 80 é
suggesting that the opening @f- 3-CNBRa heteromultim-
ers is less energetically favorable than the opening of either 50

« channels or the other heteromeric channels. Itis likely that
the CNBR of the8 subunit contains amino acid differences
at positions other than 475 that affect the free energy of the

opening transition. Al $ $
== |

Properties not localized to the CNBR ;"l ..é"

30

Ky/2, cAMP

While the ligand-specific shift of the apparent affinities

caused by th@ subunit localized to the CNBR, other effects B
of the B subunit did not. Shallowing of the dose-response 25t .
relation and desensitization were seen with all of the chi-
meric B/« subunits and with all three cyclic nucleotides. In
20

addition, the gating of wild-typex+ 3 channels was more
voltage dependent than that @fchannels. This is apparent : $
both in the larger relaxation to steady state after a voltage sk Q ;
step, and in the larger voltage dependence to the apparent
affinities for cyclic nucleotide. Values df,,, were ~60% .
greater at—60 mV than at 60 mV forx+ S channels, but W
<10% greater fora channels (Table 1). This increased .‘°’ s
voltage dependence was seen with all of the chimgfic v
subunits and with all three cyclic nucleotides. Thus, the
ligand-nonspecific effects of the subunits, including shal-
lowing of the dose-response relation, increased voltage de- 0.8k $
pendence, rectification, and desensitization, seem to local-
ize outside of the CNBR. 07 -

The data froma+B channels presented so far were 06 | . E
obtained by co-injecting RNA in the oocytes at a ratio of 4:1 ’
«:B. We wished to verify that the 4:1 co-injection ratio 0.5 | E| $

04 v

Hill Coefficient

09r

@

Imax, -60 mV
Imax, 60 mV

produces sufficient express@dsubunits to form a uniform
population of heteromeric channels of their preferred stoi-
chiometry and arrangement (Shapiro and Zagotta, 1998). R
Therefore, we systematically varied the3 RNA injection _é* & .é" .\e}' és
ratio and examined the properties of the channels formed. vy & s e
Fig. 6 summarizes data from currents produced by injection
of RNA for a and 8 subunits at ratios ranging from 2:1 t0 FIGURE 6 Varying the ratio of injected subunits. Data from heteromul-
100:1 @;[3)_ We focused on three parameters that distin-timers from co-injections of RNA fora and wild-type 8 subunits at
guish « channels frorm+B channels: thEKl,Z for CAMP, different ratios, a_nd frorrfu—_homomultimers. Shown are bo_)f plgts for the
the Hill coefficient (n), and rectification. We found that the Ky, values B), H||I_ co_effl(:lents B), and steady-state rectification of the

. . current C), for activation of channels by cAMP. The values were taken
Ky for cAMP and the Hill coefficient parameters were g fits of dose-response data to a Hill equation, as in Fig. 3, from each
nearly the same for channels produced by injection ratiogatch. Dose-response data at 60 mV amsD mV were separately fit to
varying from 2:1 to 20:1 (Fig_ 6A and B), K1/2 data for Hill equations. Thd ., values are the steady-state currents at saturating
channels from a ratio of 100:1 were intermediate betweefAMP. The horizontal line in the middle of each box marks the median of

those at a lower ratio and those @fchannels. The rectifi- the data. Thg box shons t_he m|?d|e half_ of the data, between the 25th and
75th percentiles. The “whiskers” extending from some of the boxes show

cation parameter was near!y the same at 2:1 or 4:1, SOM@se gata between the 5th and 95th percentiles. The circles show the extreme
what higher at 20:1, and still higher at 100:1. In each caseoints in the data.

the effects of the3 subunit appear to be saturating at an

injection ratio of 4:1. Similar results were found fatg-

CNBRa« co-injections (data not shown). These experimentsare not the result of a limiting supply of thgsubunit. The
suggest that an injection ratio of 4:1 is more than sufficientsaturation of the reduction in the Hill coefficient parameter
to produce amplg subunits, and that the channels formedat injection ratios up to 100:1 suggests that the reduced
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slope is an intrinsic feature af+p channels, and not the Internal Mg?* block

result of a mixture of different channel populations, al- _ )
though we cannot completely exclude this possibility. TheWWe wondered whether replacing the CNBR of fheubunit
intermediate behavior of channels from the 100:1 ratioWith that of thea subunit would have any effect on channel
could be due to a mixed population of channels and pharmacology. We focused on the voltage-dependent pore
normal a+ B channels, or the result of a stoichiometry or Plocker Mg* (Colamartino et al., 1991; Root and Mac-
arrangement of subunits, distinct from that preferred, causefinnon, 1993; Zufall and Firestein, 1993; Kleene, 1993;
by the scarcity ofg subunits. The difference in the ratio Dryer and Henderson, 1993; Zimmerman and Baylor, 1992;
where each of the three parameters saturated probably r&arpen et al., 1993), and characterized the differences in
flects different sensitivities of the parameters to a mixednternal Mg" block betweena channels andv+g chan-
population of channels. We predict that functional heteronels. Superimposed in Fig. K are current-voltage curves
meric channels have a 1dkB stoichiometry (Shapiro and for a channels activated by a saturating concentration of
Zagotta, 1998), and interpret these injection-ratio data a§GMP in Mg?*-free solution or in the presence of various
resulting from a greater efficiency by the oocyte in expressconcentrations of free Mg. Mg** block is generally

ing B subunits, relative tax subunits. greater with increasing depolarization, as expected for a
A o channels B o + B channels C o+ B-CNBRoa channels
400 -
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FIGURE 7 Block by internal Mg". Current-voltage curves for a patch withchannels &), a+8 channels B), or a+B-CNBRa channels €) in the
absence or presence of a range of internaf Mgpncentrations. For all three panels, the®goncentrations arecifcles) 0, (square$ 120 uM, (triangleg

811 uM, (inverted triangle}2.81 mM, powsg 9.81 mM, {nverted bows29.8 mM. In @), the data are the steady-state currents from a family of potentials
from —80 mV to 80 mV at each Mg concentration. Because of desensitization, the datB)iarfd C) were obtained by applying pseudo-ramps at each
concentration, at 1/s. Each pseudo-ramp was a series of 30-ms steps progressing@rotd to 60 mV in 20-mV steps, and each measurement was made
at the end of each step. Thus, any errors due to desensitization should be comparable to those using our usual pulse protiosa)(Kg) Normalized
current-voltage relations far channelsp+ 8 channels, and+ 8-CNBRa channels at a fixed Mg concentration of 2.81 mM. Superimposed on the data
are fitted Boltzmann relations of the forlm= (1., — 19/(1 + expzd(V — V,,)/KT]) + I, whereV,,, is the voltage at which the current is half-blocked,
zis the valence of the blocker (2 for Mg), 8 is the fraction of the transmembrane electrical field sensed by the bldgkethe current remaining at very
positive potentials, anlj,,,, R, andT have their usual meaning. Farchannelszé = 2.8~ andV,,, = —56 mV; fora+ g channelszé = 1.1e” andV,,, =

3 mV; for a+B-CNBRa channelszs = 0.90~ andV,,, = 17 mV. () Normalized dose-response relations forViglock of the three types of channels

at a fixed potential of 60 mV. Superimposed on the data are fitted Hill equation curves of thefotm, K7,./(K1,» + [Mg2*]"), wherel is the steady-state
current,K,, is the concentration of Mg that produces half-block, and n is the Hill coefficient. We constraipedto be unity. Fora channelsK,, =

425 uM andn = 1.06. Fora+ B channelsK,,, = 469 uM andn = 0.88. Fora+B-CNBRa channelsK,,, = 927 uM andn = 0.91.
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TABLE 2 Mg?* block of homo and heteromeric cAMP and cGMP are similar to those previously reported
CNG channels (Bradley et al., 1994; Liman and Buck, 1994). We also
Channel Ky, at 60 mV z5at2.81 mM  show that the presence of tiiesubunit shifts the apparent
o« homomultimers 342 33 uM 271+ 015 affinit_y_for cIMP much like for c_AMP. This was somewh{it
n=>5 n=4 surprising, given that cIMP differs from cGMP only in
a+ B heteromultimers 343 50 uM 0.85+ 0.14 lacking the amino group on the 2-position of the purine ring.
n=38 n=17 We localized the altered ligand discrimination to a single
o+ B-CNBRa heteromultimers 15? 8‘3;4 mM l'izf 2'06 amino acid, M475, in the putative C-helix of the CNBR.

Replacement of M475 with glutamic acid (E) was fully
\_/alues ofK,,, are from f_its of HiII equatign curves; values p§ are from sufficient to transform the ligand specificity of-+p-
fits to Boltzmann equations, like those in Fig. 7. M475E heteromultimers to be like-homomultimers. This
single point mutation increased the apparent affinity for
cGMP (and to a lesser extent cIMP), and decreased the
positively charged blocker acting from the inside. At lower apparent affinity for cAMP. The residue at position 475,
concentrations, the current-voltage relation is biphasic, wittthen, could account for the ability of thg subunit to
best block at potentials near 0 mV, but relief of block atpromote activation of olfactory channels by cAMP, their
more positive potentials, as though ®gwere weakly physiological ligand.
permeant at positive potentials. Fig. B shows similar Varnum et al. (1995) have shown that an important res-
current-voltage curves for a patch witla+B channels. idue for ligand discrimination in rod channels is the acidic
Block here is also more pronounced at more positive poresidue D604 in the CNBR, which is the analogous residue
tentials, but the voltage dependence of the block seem® M475 in the olfactoryB subunit. They showed that
much weaker. Current-voltage curves for Mgblock of  replacement of an aspartic acid with a methionine (D604M)
a+B-CNBRa channels were similar to those fat+8  decreased the efficacy of cGMP (and to a lesser extent
channels (Fig. T), showing again voltage-dependent block cIMP) and increased the efficacy of cAMP for rod channels
weaker than that forx channels. Quantifying the voltage (Varnum et al., 1995; Sunderman and Zagotta, 1999a).
dependence of Mg block of homo and heteromultimers Thus, alterations in this amino acid in the C-helix produce
confirmed that they were dramatically different. FigD7  nearly identical effects in the radsubunit and the olfactory
plots the block of the three types of channels as a functiof8 subunit. Based on their results, Varnum et al. (1995)
of voltage at a fixed concentration of 2.81 mM ffg The  proposed a molecular mechanism to explain the cGMP
voltage dependence of block afchannels was very high, specificity of the rod channels.
with a z8 value of 2.7&~ = 0.15 ( = 4). In contrast, the A similar mechanism can explain how th& subunit
voltage dependence of block ef+B channels was fairly confers greater cAMP efficacy to the olfactory channel. Fig.
modest, with azé value of 0.8%8 = 0.14 @ = 7). The 8 shows a cartoon depicting+ 8 channels bound by either
voltage dependence of block @f- B-CNBRa channelswas c¢cGMP or cAMP. For simplicity, we show only one
similarly modest, with &é value of 1.2~ = 0.1 (h = 3). subunit and ong3 subunit; the heteromeric channels are
The dose-response data for fgblock of a channelsp+  thought to have two of each type of subunit (Shapiro and
channels, and+ B-CNBRa channels at 60 mV were fitto Zagotta, 1998). lllustrated are two kinds of interactions
Hill equations (Fig. 7E), indicating very similar affinities at between a ligand and the C-helix of the CNBR: a strong
60 mV for wild-type homo and heteromultimers, and aenergetically favorable interaction (shown by a yellow star),
somewhat lower affinity for+B-CNBRa channels (Table and a weak or repulsive interaction. In thesubunit, the
2). For all three channels, the slope of the Hill equation wagylutamic acid at position 593 (analogous to D604 in the rod
near one, suggesting that one Mgion in the pore is « subunit) can form hydrogen bonds with the N1 and N2
sufficient to block the channel. Thus, the block of both typeshydrogens of cGMP, making the interaction strong and very
of heteromeric channels was very similar but the voltageenergetically favorable. A methionine at position 475 in the
dependencies of block of homo and heteromeric channelg subunit, however, will produce a weak interaction with
are strikingly different. cGMP. In the case of cCAMP, E593 in tlesubunit will be
electrostatically repelled by the unshared pair of electrons at
N1 of cAMP. Neutralization of this acidic residue, as in the
DISCUSSION B subunit, increases the affinity for cAMP by eliminating
We find that incorporation of an olfactosubunit (CNG5, electrostatic repulsion. Thus, whema 8 channel is bound
CNCa4, OCNC?2) in a heteromeric channel with the olfac- by cGMP, thea subunits contribute a strong interaction and
tory « subunit produces a large ligand-specific shift in thethe g8 subunits a weak one, and overall the apparent affinity
apparent affinities of cAMP, cGMP, and cIMP for the for cGMP is reduced. When the channel is bound by cAMP,
channel. For all three ligands, the slopes of the dose-rethe B subunits contribute a strong interaction and the
sponse curves were also more shallow. Our results witlsubunits a weak one, and overall the apparent affinity for
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x

cGMP
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FIGURE 8 Schematic diagram showing how fhisubunit alters ligand specificity in a heteromesi¢ 8 channel. Only one: subunit and ong subunit

per channel are shown for simplicity. The CNBR of thesubunits is shown in blue and of thgsubunit in green. A cGMPt¢p) or cAMP (bottorn)

molecule, shown as its chemical structure, is depicted bound to the CNBR of each subunit. The purine ring of the cGMP or the cAMP is shown interacting
with the C-helices (shown as cylinders). A yellow star connotes a strong interaction (see text). The red region in the amino termisiutfuthiés is the
autoexcitatory region of olfactory CNG channels thought to bin&"@almodulin (Liu et al., 1994) and to interact with the CNBR to facilitate activation
(Varnum and Zagotta, 1997). Thesubunit lacks this autoexcitatory domain.

cAMP is increased. The net result is to make a channel witltating that these effects of tiiesubunit localize to a part of

rather similar affinities for cGMP and cAMP. the channel outside of the CNBR (region depicted in black
All of our chimeric heteromultimers retained a number of in Fig. 8). These properties include 1) a more shallow slope

the signature properties of wild-type+ 3 channels, indi- to the dose-response relations, 2) slow relaxation of the
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current to steady state after a voltage step, 3) greater rectindeed, the Hill coefficient of the Mg dose-response
fication at saturating cyclic nucleotide concentrations, 4)curve around one implies that only one #gon blocks the
greater voltage dependence to the apparent affinity for cypore, and suggests that part of the voltage dependence may
clic nucleotides, 5) desensitization in the presence of mainarise from this mechanism. Several laboratories have shown
tained agonist, and 6) less voltage dependence to interntie glutamic acid residue at position 363 in the pore of the
Mg?* block. Unlike the effects on the apparent affinity for rod « subunit is the binding site for external divalent block
cyclic nucleotides, these effects were ligand independen{Root and MacKinnon, 1993; Sesti et al., 1995; Eismann et
Thus, these signature properties of this olfactBrgubunit  al., 1994). At the analogous positions, the olfactargub-

tell us that the chimeric subunits were expressed, and theimit also has a glutamic acid and tie subunit has an
persistence in chimeric heteromultimers indicates that thepspartic acid. The conservative E363D mutation in rod
do not localize to the CNBR of thg subunit. a-homomultimers causes only a slight alteration in external

Although the rodB subunit and the olfactorg subunit  Mg?* block, and nonconservative mutations at this position
studied here have a low sequence homology (30% identitythat dramatically alter external divalent block leave internal
their effects on channel properties seem similar in numeroudivalent block unaffected (Root and MacKinnon, 1993;
respects. Both increase the effectiveness of cAMP as aRismann et al., 1994). Thus, we expect that differences
agonist (Fodor et al., 1998; Gordon et al., 1996), both makéetween subunits at an as yet unidentified internal divalent
single-channel currents more “flickery,” both increase theblocking site can account for the large effect of tBe
voltage dependence of gating and rectification, both weakeaubunit on Mg* block.
divalent block, and neither forms CNG channels by itself The allosteric model of Monod, Wyman, and Changeux
(Chen et al., 1993; Liman and Buck, 1994; Korschen et al.(MWC) (Monod et al., 1965) has been used successfully to
1995). Compared tex channels, expressaet-8 channels model gating of CNG channels composedeo$ubunits as
behave more like native rod and olfactory channels in all ofa concerted opening transition of all the subunits (Goulding
these properties (Frings et al., 1992; Nakamura and Goldt al., 1994; Varnum and Zagotta, 1996). However, Ruiz
1987; Yau and Baylor, 1989; Chen et al., 1993). The presand Karpen (1997) have suggested that CNG channels have
ence of an alternatively spiced variant of the @dubunit, multiple open states and that their gating should not be
in addition to the olfactory3 subunit cloned earlier, makes described by a simple MWC model. Liu et al. (1998)
heterologously expressed olfactory channels behave everoposed that CNG channels gate not in a concerted fashion,
more similarly to native channels (Sautter et al., 1998; Finrbut as the independent opening of two dimers of subunits.
et al., 1998; Bonigk et al., 1999). This r@dsubunit has an Thus, a non-concerted allosteric model may more fully
asparagine at the 459 position, which is analogous to M478escribe CNG channel gating. We recently used tandem
in the olfactory subunit. The D604N mutation in rod  dimers to suggest that heteromedie- 3 channels are com-
channels also increases the relative efficacy of CAMP as aposed of adjacent pairs of subunits ang3 subunits (Sha-
agonist (Varnum et al., 1995; Sunderman and Zagottapiro and Zagotta, 1998). A gating mechanism involving the
1999b). Thus, we expect the structural determinants o#ction of dimers of coupled subunits may reflect this subunit
increased cAMP efficacy promoted by the rBdubunit to  arrangement of functionat+ 3 channels. A channel com-
at least partly localize to this residue. posed of two coupled subunits and two couplefl sub-

Our data indicate that Mg is a voltage-dependent units could provide the explanation for the decrease in the
blocker of CNG channels, in accord with others (for review,slope of the dose-response relations seen with the olfactory
see Finn et al., 1996). The partial relief of block at strongly3 subunit.
depolarized potentialsx(channels, 81uM Mg?") is con-
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