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Cyclic nucleotide-gated (CNG)on channels are nonse- more, the direct coupling between cyclic nucleotide binding
lective cation channels that are activated by the binding of and channel activation, in conjunction with the ability to
intracellular cGMP or cAMP (reviewed in r&). The ability record transitions in CNG channels with sub-millisecond
to be controlled by these ubiquitous second messengers, taesolution, makes CNG channels an excellent model system
depolarize cells by increasing their N@ermeability, and  for studying the manner in which agonists drive conforma-
to modulate other cellular systems by changing intracellular tional changes in proteins. This review will begin with an
C&" concentration has made them widely utilized in many overview of the different CNG channel subfamilies and will
types of cells. For example, primary sensory neurons suchdiscuss the nomenclature that has been used to describe them.
as photoreceptors and olfactory receptors use CNG channeldVe will then examine the functional similarities among CNG
to transduce stimuli into changes in membrane potential andchannel subfamilies in the context of several classes of
intracellular C&" concentration. Part of what makes CNG models that have been used to describe their activation.
channe_l_s versat|le_ is the steep dependence of _thelr OPeN G CHANNEL SUBEAMILIES AND
probability on cyclic nucleotide concentration. This allows

. . . . NOMENCLATURE
even small changes in cyclic nucleotide concentration to
produce large changes in channel activity and thus large In Vivo, CNG channels fall into two basic categories: those
changes in membrane conductance. The importance of thighat are coupled to cAMP second messenger systems and
class of ion channels is clear when examining the ever- those that are coupled to cGMP second messenger systems.

expanding list of tissues in which they are reportedly Despite the various ways that cells utilize CNG channels,
expressed: heart’ |ung’ kidney' pancreas, |iver, Sp|een’ testis,Slm”arltIES and differences among CNG channel subfamilies

pineal gland, pituitary gland, gustatory epithelium, olfactory are not obvious. For example, many of the subfamilies that
epithe”um, o|factory bulb, vomeronasal organ, retina, h|p- are activated by cAMP in vivo are better activated by cGMP.

pocampus, hypotha|amusl and cortex (See Table 1) Furtherdn vertebrates, six different CNG channel subfamilies have
been identified thus far. As mentioned above, they are widely
T This work was supported in part by NIH Grants EY13007 and expressed in _”_e“ra' anq nonneural tissue alike (T"?‘b'e 1.
EY01730 and in part by an unrestricted gift from Research to Prevent Some subfamilies, previously referred to as’ ‘subunits,
Elrin%r;i?, Inc., New York, NY. S.E.G. is a Jules and Doris Stein RPB form func(;ional cyclic FUCIEOtide-aCtri]vated channells when .
o : . ) . expressed exogenously whereas others, previously referre
E_;gﬁ”ggggﬂ!cv%gﬁmg{és Zcé?f' 206-616-4861. Fax: 206-543-4414. ) o5 “3” subunits, do not. The ability to be modulated by
* Department of Physiology & Biophysics. calmodulin, to conduct G&, and to interact with other
8 Department of Ophthalmology. cellular elements also vary from one subfamily to the next.

1 Abbreviations: c¢GMP, cyclic '3'-guanosine monophosphate; ; ; ; i
GAMP, cyclic 3,5-adenosine monophosphate: MWC, Monod, Wyman, Interestingly, functional properties of subfamilies are not

and Changeux; CD, coupled dimer; HH, Hodgkin Huxley; CNG, cyclic always_ related to overall _sequence homolo@. (The N
nucleotide-gated. versatility of CNG channels in cells is expanded by the ability
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of different subfamilies to coassemble as heteromultimers the presence of other modulatory agents could be tightly
(3). By combining CNG subunits with different properties, controlled. These sorts of experiments shaped our early
a cell can tune channel function to its particular needs. In understanding of the exponential relationship between cGMP
most cases, combinations of two CNG channel subfamilies concentration and CNG channel open probability.

are used, but recently a case of three subfamilies forming a The first breakthrough in our understanding of CNG
functional channel has been reportddl. ( channels came from the work of Fesenko et &6),(who

Since the cloning of the first CNG channel subunitin 1989 applied cGMP to inside-out excised patches from rod outer
(5), an explosion of information regarding function, expres- Segments and showed that it directly activates the channels.
sion, and primary structure has occurred. The number of Analysis of the doseresponse relation for activation by
cloned and sequenced CNG channel subunits has nowcGMP (16—18) showed that activation of rod outer segment
increased to more than 30. Such a rapid expansion ofchannels, presumably formed from CNG1 and CNG4, is
information inevitably causes confusion with respect to steeply dependent on cGMP concentration, with a limiting
nomenclature. With different nomenclature systems being slope of about three on a double-logarithmic scale. Interpret-
used by different labs, and some labs (mea culpa) changingng this slope to mean that at least three cGMP molecules
the name they use to refer to a particular channel from onemust bind to a given CNG channel in order to achieve full
paper to the next, it is difficult to communicate which subunit activation, Zimmerman and Baylot7) proposed two models
is being referred to without listing several aliases under which to account for this exponential relationship between cGMP
it is known. We have therefore compiled a table of CNG concentration and open probability: the independent model
channel subfamilies that lists many of their reported names and the Hill model. The independent model (Figure 1, top

in addition to other relevant information (Table 1). left) specifies one simple way in which cGMP could activate

For this review, we have adopted the nomenclature systemthe channels and is essentially the same as that proposed by

of Biel et al. §). CNG1 represents the family which is similar  H0dgkin and Huxley (HH) to account for activation of K
to the so-called: subunit first cloned from rod photorecep- channels by voltagelf). It presumes that each channel is
tors (5), CNG2 represents the family similar to thesubunit ~ ¢0mposed ofn subunits, each of which can bind cGMP.

cloned from olfactory epithelium7j, CNG3 represents the ~ YWhen cGMP binds to a given subunit, it promotes a
family similar to the o. subunit first cloned from cone conformational change in that subunit. Figure 2 shows data

photoreceptorsg), CNG4 represents the family similar to ~ recorded from CNG1 channels expressedemopuocytes
the so-callegd subunit first cloned from rod photoreceptors ~ (Circles). As first shown by Zimmerman and Baylor, the
(9, 10, CNGS5 represents the family similar to tAesubunit independent mpdel QOes not adequatgly fit the cGMP-dose
first cloned from olfactory epitheliumid, 12, and CNG6 response relation (Figure 2A).' In parncular, the bend of Fhe
represents the family similar to tifesubunit recently cloned ~ Predicted doseresponse relation is too shallow. The Hill
from cone photoreceptord®). We favor this nomenclature ~ Model (Figure 1, top center) assumes that the binding of
system because it is unambiguous and concise. In particular ©SMP t0 the channel occurs in a highly cooperative manner.
it omits designations based on function or tissue of expres-AS Shown in Figure 2B, the measured desesponse relation
sion, which can change with time and cause a name to pelies between the curves calculated from the H|!| model with
outdated and confusing. For the five subfamilies of inver- the number of subunits1) equal to 2 or 3 (solid curves).
tebrate CNG channels, we have used the names they werd\lthough often requiring noninteger slopes, the Hill equation

given when originally published. does provide an adequate empirical description of the
dependence of open probability on cyclic nucleotide con-
EARLY MODELS OF ACTIVATION centration. The model’'s ability to empirically describe the

data, however, belies the unrealistic nature of its ultimate

How do the 11 subfamilies of CNG channels relate to one cooperativity-all the cGMP molecules bind essentially at
another? The sequence identity among subfamilies is quiteonce.
high, ranging from about 35% to 75%. It is not just in
structure, however, that the subfamilies are similar; an SEQUENTIAL MODELS OF ACTIVATION
examination of their functional properties allows for the A study that led to the development of a more realistic
formulation of some general rules about CNG channel model for channel activation was conducted by Karpen et
function. To have a framework for discussing these functional a|. (20). In experiments using a “caged” cGMP that did not
properties, we will review various models that have been activate the channels until instantaneously “uncaged” by a
used to describe CNG channel activation. This historical laser flash, Karpen et al. studied the kinetics of channel
perspective will establish a context for focusing on the activation. These experiments, in combination with voltage
similarities and differences that distinguish one subfamily jump experiments, were used to develop the three-site
from the next. sequential model of activation. The model proposed that three

Before the first CNG channel subunit was cloned, CNG molecules of cGMP bound to the closed channel and that
channels were studied primarily in the plasma membranesthe fully liganded closed channel then underwent an allosteric
of rod photoreceptor cellslf). These cells have a high conformational change to the open configuration (Figure 1,
density of CNG channels and an absence of other ion channebottom left). This simple sequential model is more realistic
currents in their outer segments. Using the inside-out than the Hill model and has only two free parametefs;
configuration of the patch-clamp techniquEs)( from one the equilibrium constant for binding of cGMP to each
to several thousand channels could be studied. Furthermoresubunit, andL, the equilibrium constant for the allosteric
the concentration of ions on both sides of the membrane, conformational change. At low cGMP concentrations, the
the concentration of cGMP on the cytoplasmic surface, and channel would occupy mostly unliganded and partially
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Table 1: Organization and Nomenclature of the CNG Channel Family Based on Sequence Stmilarity

suggested GenBank clone isolated
subfamily name organism reported names Accession No. from tissue(s) of expression
. . Vertebrate Channels . .
CNG1 (rod o subunit; btCNG1  Bos taurus bovine roda (50), X51 retina§) retina 66), heart 67),
rod subunit 1) bovine CNGC1581), kidney (5), pineal
bCNGC1 61), gland 68), adrenal
BOVROD (52), gland 66)
bRCNC1 (2),
CNGL1 (63),
brCNGGu. (54),
CNG-1 (55),
CNCal (4)
cfCNG1  Canis dog roda (50), U83905 retina%1) rod outer segment
familiaris cCNGC1 b1) (51), cones §1), liver
(51), kidney 61),
heart 61), brain 61)
ggCNG1 Gallus chicken rodo (50), X89599 retina 8) rod outer segmensy,
gallus crCNGGu. (58), pineal organ%8)
rCNG1 (9),
CCG6 B)
hsCNG1 Homo human rodu (50), NM_000087; retina 63, 64) retina 63, 64),
sapiens human CNGC1§1), M84741; Miller glial cells 65),
human rod CNG S42457 kidney 61)
channel 60),
hCNGCL1 61),
hCNG1 63),
hRCNC1 (2),
hrCNGQu. (58),
CNG1 (1),
hRCNGu (62)
mmCNG1 Mus mouse rodx (50), M84742; retina 64), retina 64),
musculus mMRCNCL1 (2), u19717 kidney cell kidney inner
mIMCD-K2 line (66) medullary
channel 66) collecting duct 66)
0aCNG1 Ouvis aries CNG1 ©7) AF06766%F kidney 67) not reported
0ocCNG1 Oryctolagus  rabbit S65218 SA node regior8) SA node regiong8),
cuniculus photoreceptor pancreasH6)
CNGC isoform
(68)
rmCNG1  Rattus rat roda (50), U48803 retina§9) rod outer segmentp),
norvegicus rat tCNGC1 69), ganglion cells §9, 71),
rRCNGC1 [0), bipolar cells 72),
rCNG (71), pineal gland 73, 61),
CNG1 1) cerebellum 1),
heart 61),
spleen 61),
kidney ©1, 74),
testis 61),
lung (61),
hippocampal neurongQ),
skeletal muscleql),
thalamus §1)
ssCNG1  Sus scrofa PCASM channelg7) u85404 coronary artery coronary artery
smooth muscleg7) smooth muscle57)
CNG2 (olfactorya subunit; btCNG2 Bos taurus bovine olfactoryo (50), X55010 olfactory olfactory neurons4)
olfactory subunit 1) CNG-2 (65), epithelium {5)
bOCNC1 (2),
0CNGQu (72),
BOVOLF (52),
CNCa3 (4)
drCNG2  Danio rerio zebrafish olfactory CNG ~ U42393 olfactory olfactory epithelium 76)
channel 76) epithelium {6)
ipPCNG2 Ictalurus catfish olfactorya (50), mM83111 olfactory olfactory neurons42)
punctatus fOCNC1 (12), epithelium @2)
0CNGQu (72)
mmCNG2 Mus mouse olfactory (50), U49391 fetal heartq8) heart 98),
musculus 0oCNGGQu (72), olfactory epithelium 78)
0oCNC1 (77)
0ocCNG2 Oryctolagus  rabbit aortan (50), X59668 aortaT9) heart £6),
cuniculus rACNG (79), aorta £6),
CNG-2 (65), brain 66),
0CNGGQu (72) cerebellum %6)
mCNG2  Rattus rat olfactorya. (50), NM_012928; olfactory olfactory neuronsf),
norvegicus rOCNC1 (2), X55519 epithelium @) hippocampal neurongQ, 82,
rOCNGC1 {0), olfactory bulb (2, 81),
CNG2 80), cerebellum {2, 81),
rat oCNGC1 69), cortex (L2)
CNCoa3 (4), pituitary gland 81),
CNG1 81), kidney @1)
rOCNCu (3),
CNG2 (1),
CNG-2 (65),
roCNGGu (72)
CNG3 (conea. subunit; btCNG3 Bos taurus bovine conex (50), X89600; testis 83), pineal organ%8),
cone subunit 1) CNG3 61), X76485 kidney 65) testis 65),
BOVCONE (62), cones 83),
bovine testis CNGR0), heart 65),
CNCa2 (4), kidney (65),
bcCNGQx (54), retina 66),
CNG-3 (65) adrenal glandg6)

BOVTESTIS 83)
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Table 1 (Continued)

suggested GenBank clone isolated
subfamily name organism reported names Accession No. from tissue(s) of expression
ggCNG3 Gallus chick conen (50), X89598 retina 8) cone outer segmeng)
gallus CNG3 @0),( ) pinealﬁor)gan!bs),
ccCNGGux (58) testis 68
hsCNG3  Homo human conex (50), NM_001298 retina&4, 54) cone photoreceptor§4),
sapiens hcCNGGx (54), outer plexiform
hCCNGux (3) layer G4)
MMENG3Mus | CNG3 85) AJ238239, genomic cone
musculus AJ238240; P1 library@5) photoreceptors3s)
AJ238242
rCNG3  Rattus ratgo (2), AF0319433¢AB002801 kidney 87), kidney @7),
norvegicus CNGgust 60, 86), tongue taste buds€0, 86),
CNG3 87) epithelium 60,89  cone outer
segmentsgg)

CNG4 (rod 5 subunit; btCNG4c Bos taurus bovine rods (50), X94707; testis 89, 90) testis 89, 90),
rod modulatory subunit; CNG4c 89), AF074012 retina @9)
rod subunit 2) CNGg1c (90)

btCNG4d Bos taurus bovine rods (50), X9470F testis 89) testis 89)
CNG4d 89)
btCNG4e Bos taurus bovine rods (50), X94707 testis 89) testis 89)
CNG4e 89)
btCNG4f Bos taurus bovine rods (50), X89626 retina {0) retina
bRCNG@ (10), outer segmentslQ)
brCNG@ (72),
bCNG4.1 £9),
CNCp1a @),
CNG4 @80),
CNG4f (6)
btCNG4k Bos taurus bovine rodj (50), AF074012 testis Q0) testis 00),
CNGp1f (90) sperm 00)
btCNG4l Bos taurus bovine rods (50), AF074013 testisq0) testis @0)
CNGp1d (90)
btCNG4m Bos taurus bovine rodp (50), AF074014 testisq0) testis 00)
CNGp1e @0
hsCNG4a Homo human rods (50), L15297 retina 9) rod outer
sapiens hRCNC2a 9), segment9)
hRCNC?2 (2),
CNG4a ),
hRCNG@ (3)
hsCNG4b Homo human rods (50), L15296 retina 9) outer plexiform layer9),
sapiens CNG4b 6), rod outer
hRCNC2b 01), segmentsq2)
hRCNGQ (3)
hsCNG4i Homo human rods (50), u58837; retina 62, 91, 93) rod outer
sapiens hRCNG@ (92), NM_001297 segment91)
hCNG4.3 £9)
rnCNG4g Rattus rat rodg (2), AJ000496 pineal glandQ) pineal gland $9)
norvegicus rCNG4.1 69),
CNG4g 6)
rnCNG4h Rattus rat rodg (2), AJ000496 pineal gland §9) pineal gland %9),
norvegicus CNG4 69), rRCNC2 82), rod photoreceptorsQ)
CNCpla @), ICNG4.2
(59), CNG4h 6)
rCNG4j Rattus rat rodg (2), AJO00515; olfactory olfactory
norvegicus CNG4.3 04), AF068572 epithelium @, 94) epithelium @, 94)
CNCA1b@)

CNGS5 (olfactory subunit; rnCNG5  Rattus rat olfactorys (50), U12623; olfactory olfactory epithelium 12, 11),
olfactory modulatory subunit; norvegicus rOCNC2 (@2, 11), U12425 epithelium (2, 11)  brain (12,
olfactory subunit 2) CNG5 @0), hippocampus&2),

CNCoA4 (4), olfactory bulb (2),
rOCNG3 (3), cerebellum 12),
oCNC2 (77) cortex (L2),

vomeronasal orgary{, 95)

CNG6 (conefs subunit; mmCNG6 Mus CNG6 (13) NM_013927, retina (L3) inner nuclear layerld),
cone modulatory subunit; musculus AJ243572 subset of
cone subunit 2) retinal cells (3),

testis (L3)
Invertebrate Channels
DmCNGC Drosophila drosophila CNGC150), X89601 adult headsR) antennae2),
melanogaster DmMCNGC 62), eyes b2),
DmMCNG (63), head fraction%2)
dCNCu (3)
CNGL Drosophila CNGL (96) ABO030577 headd6) brain 96)
melanogaster
TAX-4 Caenorhabditis TAX-4 (97) D86922 mixed population  sensory neuron®7)
elegans worm library @7)
TAX-2 Caenorhabditis TAX-2 (98) U73476 mixed-stage sensory neuron$g)
elegans worm library ©8)
AtCNGC2 Arabidopsis AtCNGC2 Q9) AF067798; plant library not reported
thaliana Y16328 CD4-7 (99
LCNG1 Limulus LCNG1(63) AF091302 brain§3) brain 53),
polyphemus ventral eye
nerve 63)

aCommonly used names for subfamilies are reported in parentheses under the subfamily name (in bold). For splice variants, lower case letters are place
after the subfamily number based on the order in which the sequence appeared in the literature. The splice variant lettering fdr Ka$Gken adopted
directly from Biel et al. 6). Reported name references do not necessarily identify the paper in which the name was originally cited, but the one in which it
was used. Multiple GenBank accession numbers represent multiple submissions unless otherwise noted. Reports on the location of CNG chamel express
were often unclear and contradictory; thus, no effort was made in judging the veracity of each entry in the “tissue of expression? Estomsrof the coding
sequences GenBank submission only.Only partial sequence reportetindividual splice variant record not provided as sequence can be obtained by a
truncation or internal deletion of the reported GenBank record.
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Ficure 1: Different models that have been used to describe ligand binding and activation in CNG channels. The letter T represents subunits
in the inactive (or tense) state, also shown by squares, and the letter R represents subunits in the active (or relaxed) state, also shown as
circles. For the Hill model and independent model shown, the superscrggiresents the number of subunits per channel. For the CD

model shown, the superscript 2 reflects the composition of each channel unit of a dimer of dimers. The letter A represents a molecule of
agonist, such as cGMK; andKp are the equilibrium constants for the binding of A to the inactive and active states, respectively, and

is equal toKgr/Kt. Modified from Liu et al. 39).

liganded states and would therefore be open only a smalltions of the channel dosgesponse relation. However, the
fraction of the time. Depolarizing the membrane during the limiting slope of four predicted by the four-site model is
voltage jump would do two things: it would change the always steeper than that measured for both native channels
driving force for permeant ions, and it would make the and exogenously expressed channels and suggests that the
equilibrium constant. more favorable. During the voltage sequential model may be too simple to adequately describe
jump experiments typically used to study the channels, thesechannel behavior (see below).
two changes are seen as an instantaneous outward current, The sequential model for activation has been used to
produced by the change in ion driving force, and a slower analyze some of the differences between CNG channel
increase in outward current as the equilibrium between closedsubfamilies. With at least one exceptid@®), CNG channels
and open states redistributes the channels closer to the novare activated better by cGMP than cAMP regardless of the
more favored open state. physiological ligand that activates a given subfamily in vivo
With the cloning of the first CNG channel subunitin 1989 (23, 29. In experiments with btCNG1 and rnCNG2 channels
(5), it was determined that each subunit contained one cGMPexpressed exogenouslg), two differences were noted
binding site. The subsequent elucidation of tetrameric between the behavior of cGMP as compared to cCAMP: first,
assembly within the voltage-gated superfamily of ion chan- cAMP is a full agonist of CNG2 channels but a partial
nels Q1) revealed that a model with only three cyclic agonist of CNG1 channels, only activating about 1% of the
nucleotide-binding steps was no longer adequate. Thecurrent that can be activated by cGMP; and second, for both
addition of one more cyclic nucleotide-binding step results cAMP and cGMP, lower concentrations are able to open
in a four-site sequential model (Figure 1, bottom center). CNG2 channels as compared to CNG1 channels. These data
As can be seen in the solid curves of Figure 2C, both the were interpreted using the sequential model of activation.
three- and four-site models produce reasonable approxima-The model suggested that most of the distinction between



14008 Biochemistry, Vol. 39, No. 46, 2000 Current Topics

A Independent B Hill

10° 10°
§ 10" g‘f: 10"
8 10 8 10
o N
T -3 © 3
g 10 g 10
2 = g *

10 10

10 10° 10 10° 10 10° 10" 10°
[cGMP], M [cGMP], M
C Sequential D MWC and CD

10° - 10° -
& 10" & 10"
3 R 3
- 10° o 10°
R N MWC
T 3| T 3|
g 10 g 10 -
[e] [e]
T M S 10t

I I 1
10° 10° 10" 10° 10°® 10° 10" 10°
[cGMP], M [cGMP], M

Ficure 2: Fits of the various models to doseesponse data for activation of CNG1 channels by cGMP. The absolute current divided by

the current at 2 mM cGMP is plotted on the ordinate, and cGMP concentration is plotted on the abscissa. Data are plotted as circles, and
fits using the models from Figure 1 are shown as solid curves, mitferring to the number of agonist binding steps required to produce
channel activation. The following other parameters were used: (A aid,B¥ 67.2uM; (C) three-site sequentialKy = 6307,L = 45;

four-site sequentialKy = 13241,L = 27; and (D) MWC: K = 15000,L, = 1.4 x 10° (as in ref32), f = 35; CD: Ky = 4000,L, =

0.00374 (to yield the same unliganded open probability as MWE),139.

CNG1 and CNG2 resided in a difference in the equilibrium amino acid in the Gx helix of the cyclic nucleotide-binding
constantl() between the fully liganded closed configuration domain (D604 in btCNG1)26). A negative charge at this
and the fully liganded open configuration. The ratid_gfye position can interact favorably with the purine ring of cGMP
Lcavp is comparable for CNG1 and CNG2, but badthsve but interacts unfavorably with the purine ring of CAMP. At
andL.avp are about 1000-fold lower for CNG1 as compared this same position in CNG4, CNG5, and CNG6, there is a
to CNG2. neutral or positively charged amino acid. The neutralization
Comparing CNG1 and CNG2 using the sequential model or switching of charge alters the cyclic nucleotide-selectivity
thus reveals an interesting difference in their function. causing channels that include CNG4, CNG5, or CNG6
Essentially, CNG2 has a lighter “trigger”, requiring less subunits to have increased cAMP selectiviiyi{13, 27,
cyclic nucleotide in order to produce activation. Furthermore, 28).
CcAMP is a less effective agonist for both types of channels,
so that higher concentrations of it are required, and it is not MWC AND CD MODELS OF ACTIVATION
always able to fully activate the channels even at saturating The sequential model of activation proved useful in
concentrations. How do the other subfamilies compare in understanding differences in ligand affinity, ligand efficacy,
these properties? Those that have been best studied are thosad functionality between subfamilies. It is not, however,
that form functional cyclic nucleotide-dependent channels broad enough to serve as a universal model for describing
when expressed as homomultimers: CNG1, CNG2, CNG3, all channel properties. The four-site sequential model predicts
DmCNGC, and TAX-4. These subfamilies essentially lie on a limiting slope of the doseresponse relation of four on a
a spectrum in which the ratidcgme/Lcamp IS generally double-logarithmic scale whereas the actual dassponse
constant, while the absolute value of each may change. Fromdata show a slope of about three for native rod chanaéts (
more favorable to less favorable, the approximate order is 18) and about two for channels expressed exogeno@ly (
as follows: Ltax—4 > Lene2 > Lenes & Lomenee > Lenet (Figure 2). One explanation for the discrepancy between the
As discussed aboveeur/Leavp is comparable for CNG1, model and data has been proposed by Ruiz e28). They
CNGZ2, CNG3, DMCNGC, and TAX-4 and is a large value report that the doseresponse relation of single CNG1
reflecting selectivity for cGMP over cAMP. This selectivity channels expressed exogenously is steep and highly variable.
is conferred in part by the presence of a negatively chargedThey suggest that the sum of many such steep and variable
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dose-response curves makes the measured macroscopidistinguished by their different unitary conductances. These
dose-response relations shallow. differing unitary conductances allowed the stoichiometry of
An alternative mechanism that could explain the shallow wild-type and mutant subunits within a given channel to be
dose-response relation is one in which opening is not determined. Either the wild-type or mutant subunits were
restricted to fully liganded channels. Such a mechanism isthen altered by introducing a pair of point mutations into
exemplified by the Monod, Wyman, and Changeux (MWC)- the cGMP binding site, which severely crippled the subunit’s
type model 80) (Figure 1, bottom right), which is basically  ability to bind cGMP. In the presence of a high concentration
a more elaborate version of the four-site sequential model of cGMP, the number of bound cGMP molecules would
(31, 32. In the MWC model, the channel can open with 0, equal the number of wild-type cGMP binding sites. Thus,
1, 2, 3, or 4 cGMP molecules bound, and the binding of by examining the unitary conductance of a given channel,
each successive cGMP increases the favorability of openingthe number of ligand-bound subunits (i.e., the number with
by a factorf. The existence of unliganded openings is an functional cyclic nucleotide-binding domains) and unliganded
important prediction of this model. Such unliganded openings subunits (i.e., the number with mutant cyclic nucleotide
have been observed in expressed CNG channels and occubinding domains) could be unambiguously determined. When
with a probability in the range of 18—107° (31, 33, 34. used to fit the number of functional binding sites versus open
As shown in Figure 2D, the MWC model can produce a probability, the MWC model could not describe the data.
dose-response curve that is shallower than either the four- Instead, the authors developed a model in which channels
or the three-site sequential model, and it more closely were composed of a pair of dimers. In this Coupled Dimer
resembles data from these channels. Furthermore, it has bee(CD) model, each subunit would bind cGMP in an indepen-
successfully used to fit data from heteromultimeric channels dent manner, but the two subunits in a dimer would undergo
in which each subunit type had very different cGMP binding a concerted allosteric conformational change from the closed
profiles or allosteric activation profiles39). state to the active state (Figure 1, top right). Each of the
Various different types of models were also tested in two dimers that composed a channel would undergo this
experiments in which heteromultimeric channels were createdconformational change independently, and the channel open
by altering the structure of homomultimeric channels with probability would be maximal when both dimers were in
UV light (35, 36. The energy of the flash primarily modified the active state.
tryptophan residues and produced channels with varying
numbers of modified residues per subunit. Since UV FURTHER EVIDENCE FOR CD MODEL

modification of tryptophans changes the shape and the _ .

maximum of the cGMP doseresponse relation, the inter- Evu_nlence supporting a CD-type model also comes from

dependence between the energetics of activation of a givenﬁXpe”melmS n WI?'Ch the expected 4-fold symmetry of

subunit and the energetics of activation of the channel "omomultimeric channels has been shown to be broin
least at the level of particular amino acids or regions. An

complex could be examined. Under these conditions, a =< . X . ;
MWC-type model fit the data well. As expected an inde- amino acid, located in the linker region between the last

pendent, HH model, in which binding of cGMP produced transr_nembrane_ domain and the cyclic nucleotide-binqiing
an independent conformational change within a given domain (H420 in btCNG1), has been shown to come into

subunit, was not as good at fitting the data. close proximity to it§ m%te in.a_n .adjacent subunit \_/vhen
To fully describe CNG channel behavior, any model must Ch‘f"nnds. %pe_m()). Th|§ palr of h|s.t|c'i|nes then.forms a high-
be able to account for subconductance states. Subconductanc%ﬁ'r"ty NI* _blndlng site; when Ni* is bognd, ithelps keep_
states are configurations of the channel in which the unitary these histidines tqgether, therel_)y potentiating chgnnel activa-
conductance, the rate at which ions traverse the pore, iStlon.Another position three residues away (417 in btCNG1)

decreased. For native rod channels, Taylor and Bagidr ( can _also .support a histidirdistidine _high—affinity NF*
showed a single subconductance state that predominated akglnc_il'ng site 2.5).' !n contrast to the.h'St'd.meS at thg 420
low cGMP concentrations. With respect to reconstituted and position, the histidines at the 417. pqs!t[on bmd*l\prlmar'lly .
expressed channels, it is not quite as clear. From zero to a hen the channels are closed, inhibiting channel activation.
many as four subconductance states have been rep8ded ( h_us, adjacen'F subunits “dlmerlze_” in this region .W'th amino
38, 39. However, whether these are related to the sequentialgCIdS gt the interface of the dimer moving in a state-
binding of four cGMP molecules3g) or whether multiple epfen gnt manner. ) )

subconductance states can occur with a constant number of Dimerization between adjacent subunits has also been
cGMP molecules bound per channd#) has not yet been  demonstrated at the level of the pore. An acidic residue in
resolved. In principle, the MWC model can easily be the pore of CNG channels forms a binding site for extra-
expanded to include subconductance states by specifying e€llular divalent cations 41, 49 as well as the local
unique conductance for each open state or by adding oper@nesthetic tetracain@d) that blocks from the intracellular
states with lower conductances. However, the appropriateSurface of the membrane. A glutamic acid at this position in
way to construct such a model will not be clear until IPCNG2 (363 in btCNG1) has been shown to form a dimer

consensus is reached on the nature of subconductance statdgat acts as a binding site for extracellular protof, 43.

in CNG channels. One carboxylate group of the glutamic acid from each of
An interesting specialization of the MWC model was WO adjacent subunits forms a proton binding site which,

proposed based on experiments in which wild-type subunits when occupied, reduces the unitary conductance of the pore.

and mutant subunits were co-expressed in the same3&gll ( In the examples above, deviations from the expected 4-fold

When the mutant subunits contained an altered pore se-symmetry appear to exist in homomultimeric channels, at

guence, distinct classes of channels could be observed andeast at the level of the pore and the region following the
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last transmembrane domain. Why would a departure from 10.

4-fold symmetry occur in a protein composed of four

identical subunits? Could this departure be related to the
heteromultimeric nature of native channels? Native rod, cone, 11
and olfactory channels are composed of at least two types 12.

of homologous subunits that contribute to the pore-forming

region and contain cyclic nucleotide-binding domains. Recent 13.

experiments point to a CNGZNG2-CNG5-CNG5 ar-

rangement of subunits for exogenously expressed olfactory

channels46) and a CNG1 CNG1-CNG4—-CNG4 arrange-

ment of subunits around the central pore of exogenously

expressed rod channeld7j (however, a CNGtCNG4—

CNG1-CNG4 arrangement for rod channels has also been

proposed 48)). Furthermore, CNGL1 subunits in native rod

channels were found to exist as dimers using a protein cross- ;4

linking assay 49). Thus, an arrangement that favors dimer-
ization in homomultimeric channels may reflect an intrinsic
propensity for these channels to form as a pair of unlike
dimers in native tissues.

SUMMARY

CNG channels are highly sensitive to changes in cyclic

nucleotide concentration. The variety of subfamilies that exist 23
can coassemble to produce channels with a wide range of 24,

apparent affinities for cyclic nucleotide and with specificity

for

properties using physical models of channel function have
resulted in increased understanding of how these channels =
work and how the different subfamilies relate to one another.
As the number of subunits identified increases and our

either cGMP or cAMP. Efforts to describe channel

knowledge of channel function expands, we will be able to
form a clearer picture of how these highly evolved cyclic
nucleotide sensors perform their roles in a wide array of cell

types.
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