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NH, and COOH-terminal domains might 
Michael D. Varnum and William N. Zagotta* account for the autoregulatory effect of 

the NH2-terminal domain. The NH2-ter- 
Cyclic nucleotide-gated (CNG) ion channels are multimeric proteins that activate in minal domain of the rat olfactory channel 
response to the binding of cyclic nucleotide to intracellular domains. Here, an intramo- (Rolf N) specifically bound the COOH- 
lecular protein-protein interaction between the amino-terminal domain and the carboxyl- terminal domains of either the rat olfac- 
terminal ligand-binding domain of the rat olfactory CNG channel was shown to exert an tory (Rolf C)  or the bovine rod (Brod C)  
autoexcitatory effect on channel activation. Calcium-calmodulin, which modulates CNG channels (Fig. 1B). This interaction was 
channel activity during odorant adaptation, blocked this interaction. A specific deletion robust and highly specific. An interaction 
within the amino-terminal domain disrupted the interdomain interaction in vitro and between the bovine rod NH2-terminal do- 
altered the gating properties and calmodulin sensitivity of expressed channels. Thus, the main (Brod N) and either Brod C or Rolf 
amino-terminal domain may promote channel opening by directly interacting with the C (Fig. 1B) or between Rolf N and the 
carboxyl-terminal gating machinery; calmodulin regulates channel activity by targeting CNB domain of the catabolite gene acti- 
this interaction. vator protein (CRP) was not detected un- 

der these conditions ( 1 1 ) (Fig. 1B). The 
interaction between Rolf N and either 
Rolf C or Brod C may underlie the ability 

Cyclic nucleotide-gated (CNG) ion sion proteins in bacteria (10) (Fig. 1A). of the NH2-terminal domain to influence 
channels of olfactory receptor cells and Recombinant CNG channel domains channel opening and can explain the be- 
retinal photoreceptors play a fundamental fused to glutathione S-transferase (GST) havior of chimeric channels (3, 5). 
role in the response to sensory stimuli by were purified with glutathione-Sepharose Another way that the NH2-terminal 
converting a chemical signal, a change in beads (immobilized) and used as an affin- domain might influence the gating prop- 
intracellular cyclic nucleotide concentra- ity matrix to test for interactions with erties of these channels is by mediating a 
tion, into an electrical signal (1 ). Several other purified fusion proteins (input) lack- change in intersubunit interactions among 
channel domains have been identified as ing GST but containing an epitope tag NH2-terminal domains during channel 
important for the conformational changes (FLAG) at the COOH-terminus. The opening (3, 7). This idea was suggested by 
that occur during activation of these ability of one region of the CNG channel analogy to a family of proteins related to 
channels (2-8), but it is not known how to specifically bind another region could CNG channels, voltage-gated potassium 
these different domains interact during li- 
gand-induced channel activation. In par- Fig. Physical interac- 
ticular, the NH2-terminal region plays a tion in vitro of olfactory 
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role in tuning the activation characteris- CNG channel NH,-temi- NH, - COOH 

tics of olfactory and retinal CNG channels nal domain with olfactory 
(3, 5, 7). The olfactory channel NH2- or rod channel COOH-ter- 
terminal region confers a more favorable minal domains. (A) Dia- d 
equilibrium for channel opening after li- gram depicting primary 
gand binding (3 ,  5), and deletion of re- structure of CNG cham B 
gions of the NH2-terminal cytoplasmic do- and '- 

~ion proteins derived from ,,, ,,, a. 8 + Q 
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the channel constitutes an autoregulatory brane-spanning domains; 
domain. How does this region of the chan- P, pore region; TH, Thio- 
nel, distinct from the cyclic nucleotide- His fusion; H,, polyhisti- 
binding (CNB) domain and pore, exert dine tag; flag indicates - 18 - 7 
such an influence on the gating of these epitope tag (FLAG). (B) 
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gating by specific interactions with other input proteins and purified GST fusion proteins immobilized on glutathione-Sepharose beads. Lanes 1 
domains, thereby contributing the sta- to 3, immunoblot of input protein only. Recombinant input proteins included a six-histidine fusion at the 
bility of the activated channel. NH,-terminus and an eight-amino acid FLAG epitope tag at the COOH-terminus. Rolf C, amino acids 
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actions involved in CNG channel activa- rod CNG channel subunit 1 (29); CRP-bind, amino acids 4 to 138 of the catabolite gene activator protein 
tion, we performed protein-protein inter- (1 1). Interaction assays with these input proteins were done against immobilized GST-Brod N (lanes 4 to 
action assays between various CNG 6), GST-Rolf N (lanes 7 to 9), or GST alone (lanes 10 and 11). GST-Brod N includes amino acids 1 to 161 
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channels, which contain an NH2-terminal 
oligomerization domain that directs sub- 
family-specific assembly of subunits ( 12). 
However, when this assay was used, we 
observed no interaction between Rolf N 
domains (Fig. lC) ,  even under the same 
conditions in which ShakerB potassium 
channel NH2-terminal domains (ShB N) 
interacted (Fig. 1C). Thus, the hypothesis 
that intersubunit interactions among 
NH2-terminal domains can explain the 
effect of the olfactory NH2-terminal do- 
main on channel gating is not supported. 
CNG channels may lack an NH2-terminal 
oligomerization domain analogous to the 
one present in voltage-gated potassium 
channels. No amino acid homology be- 
tween CNG channels and voltage-gated 
potassium channels is apparent in this re- 
gion. An alternative possibility is that the 
affinity of Rolf N for homophilic assembly is 
much lower than that of ShB N (Fig. 1C) or 
of Rolf N for Rolf C (Fig. 1B)'. It is also 
possible that other regions near the NH2- 
terminal intracellular domain, perhaps in- 
cluding the putative first transmembrane 
segment (3, 13), are involved in oligomer- 
ization of CNG channel subunits. 

To localize those regions of the 
COOH-terminal domain important for 
binding to the olfactory NH2-terminal do- 
main, we engineered various deletions of 

Fig. 2. Localization of re- 
gions in the CNG chan- 
nel COOH-terminal intra- 
cellular domain impor- 
tant for interaction with 
the NH,-terminal do- 
main. (A) Deletion con- 
structs for bovine rod or 
rat olfactory CNG chan- 
nel COOH-terminal do- 
mains. Box on right sum- 
marizes results from in- 
teraction assays with 
GST-Rolf N shown in (C) 
and (D). H,, polyhistidine 
fusion. CNB domain pu- 
tative secondary struc- 
ture: blue, p roll; green, A 
a helix; red, B and C a 
helices. (B) Model of 
CNB domain of the CNG 
channel based on analo- 
gy with the catabolite 
gene activator protein of 
E. coli (14). cGMP is 
shown in yellow. Putative 
structural motifs are indi- 
cated as in (A). (C) Immu- 
noblot of interaction as- 
says with the indicated 
Brod C deletions (input) 
and immobilized GST- 

Brod C and Rolf C (Fig. 2A). These dele- 
tions were based on the known crystal 
structure of a homologous CNB protein, 
CRP (14) (Fig. 2B), and on previous struc- 
ture-function studies of CNG channels. 
The linker region between the sixth puta- 
tive transmembrane domain (S6) and the 
CNB domain is thought to participate in 
the opening conformational change after 
ligand binding; it contains sites for mod- 
ulation of channel gating by Ni2+ (4, 5), 
protons (15), and thiol-reactive agents 
( 16, 17). This region of the channel, also 
including the putative A a helix of the 
CNB domain, was found to be sufficient 
but not essential for interaction with Rolf 
N (Fig. 2, C and D). Amino acid residues 
within the putative C ol helix of the CNB 
domain are important for ligand discrimi- 
nation and are involved in stabilizing the 
opening allosteric conformational change 
(3, 6,  18). However, deletion of the puta- 
tive B and C ol helices did not disrupt the 
interaction of the COOH-terminal do- 
main with the NH2-terminal domain (Fig. 
2C). Moreover, polypeptides including 
this region of the channel and extending 
to the COOH-terminus were not suffi- 
cient for binding to Rolf N (Fig. 2, C and 
D). The CNB domain alone was found to 
be sufficient to interact with the NH2- 
terminal domain (Fig. 2D); indeed, the 

Rolf N. Assays were done as described in Fig. 1. Blot of input only is shown on left. (D) lmmunoblot of 
interaction assays using the indicated Rolf C deletions (input) and immobilized GST-Rolf N. Input only is 
shown on left. 
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putative P-roll structure of the binding 
domain appeared adequate for binding to 
Rolf N (Fig. 2C). Overall, the interaction 
with Rolf N was probably mediated by the 
P-roll structure of the CNB domain and 
some portion of the putative A a helix 
and the linker between S6 and the CNB 
domain. Thus, the NH2-terminal domain 
appears poised to exert a direct effect on 
ligand binding and on the subsequent con- 
formational transitions leading to channel 
opening. 

We applied a similar approach to deter- 
mine which regions of the olfactory chan- 
nel NH2-terminal domain were important 
for interaction with the COOH-terminal 
domain. Various deletions were made in 
Rolf N (Fig. 3A), and these were tested for 
their ability to interact with Rolf C. Dele- 
tion of amino acids 3 to 60 or 93 to 138 of 
Rolf N did not prevent binding to Rolf C 
(Fig. 3B). However, a deletion encompass- 
ing amino acids 62 to 91 of Rolf N com- 
pletely disrupted the interaction with Rolf 
C (Fig. 3B). This same region of the rat 
olfactory NH2-terminal domain was previ- 
ously identified as constituting part of the 
regulatory site for Ca2+-calmodulin (2). 
Thus, these results identify a region of the 
NH2-terminal domain that is essential both 
for binding of the COOH-terminal domain 
and for modulation by Ca2+-calmodulin 
and suggest that the interdomain interac- 
tion may play a pivotal role in regulation of 
channel activity. 

To examine the functional significance 
of this region of the NH2-terminal domain 
in channel gating, Rolf CNG channels 
lacking amino acids 62 to 91 were ex- 
pressed in Xenopus oocytes (19). As ex- 
pected (2), these channels demonstrated 
dramatically altered gating properties. The 
apparent affinity for guanosine 3',5'- 
monophosphate (cGMP) was about seven 
times less for Rolf A62-91 channels 
(13.8 + 2.0 FM; n = 5) compared with 
wild-type (2.3 2 0.4 yM; n = 4) or A3-60 
(2.3 + 0.2 FM; n = 4) channels (Fig. 3, C 
and D). Similarly, the apparent affinity for 
adenosine 3',5'-monophosphate (CAMP) 
was also reduced for Rolf A62-91 channels 
(628 + 375 FM; n = 5) compared with 
wild-type (74.4 2 17.1 yM; n = 4) or 
A3-60 (76.1 + 11.1 yM; n = 4) channels 
(Fig. 3E). Furthermore, the maximal cur- 
rent elicited by a saturating concentration 
of cAMP was decreased for Rolf A62-91 
channels (Fig. 3, E and F). The effect of 
this deletion not only on the apparent 
affinity of the channel for cGMP and 
cAMP but also on the agonist efficacy of 
cAMP indicates that this region of the 
NH2-terminal domain could participate in 
the opening allosteric conformational 
change after ligand binding. In addition, 
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the precise parallel between the deleteri- 
ous effect of 862-91 on the gating prop- 
erties of the expressed channel and on the 
NH,-terminal-COOH-terminal interac- 
tioiin vitro suggests that this interdomain 
interaction was res~onsible for the abilitv 
of the olfactory channel NH2-terminal do- 
main to promote channel opening. 

This correspondence between an effect 
on gating of expressed channels and on 
the interdomain interaction in vitro was 
extended by testing the sensitivity of the 
interaction to Ca2+-calmodulin. Native 
and heterologously expressed olfactory 
CNG channels are regulated by Ca2+- 
calmodulin, which decreases the open 
probability at subsaturating concentra- 
tions of cGMP or a saturating concentra- 
tion of cAMP (2, 20). For wild-type rat 
olfactory channels expressed in Xenopus 
oocvtes. macrosco~ic currents at +60 mV 

Fii. 4. Ca2+-calmodulin 
disrupts interaction between 
NH,- and COOH-terminal 

. .,. CNG channel domains. (A) 
* Currentseliied by voltage - stepsfromoto6omvfor 

activation of Rotf wild-type 
(wt) and Rolf A62-91 chan- 
nels by saturating (sat.) con- 

centrabons of cGMP (2 mM) or cAMP (16 r n ~ )  before and after 5-min application of 50 pM Ca2+- and 
250-nM calmodulin to the cytoplasmic face of an inside-out patch. (B) lmrnunoblot demonstrating the 
effect of Ca2+-calmodulin on interactii assays with an immobilized affinity matrix containing GST (lanes 
1 and 6) or GST-Rolf N (lanes 2 to 5 and 7 to 10) and epitope-tagged input protein Rolf C (lanes 1 to 5) 
or Brod C (lanes 6 to 10). Interaction assays were done as described m Fig. 1. Final concentration of 
calmodulin used during in vitro interaction assay was 15 pM; C$+ concentration was 1 mM. (C) Model 
for regulation of olfactory CNG channel gating by the NH,-terminal domain. An autoexcitatory domain 
(green) within the NH,-terminal region promotes channel gating by direct interacth with the COOH- 
terminal gating machinery, including the putative 8-roll structure of the CNB domain (blue) but not the 
putatwe C u helix (red). This may be an intersubunit (left) or intrasubuni (rigM) associat'm. The 
~nteraction is disrupted by binding of Ca2+-calmodulin (W+-CaM) to the autoexcitatory domain. cA 
denotes CAMP. . .  C . ,: 

, , 

elicited by a saturating concentration of 
cAMP were decreased 30.8 ? 18.8% (n = 
4) by Ca2+-calmodulin (Fig. 4A). In con- 
trast, for Rolf A62-91 channels the max- 
imal current elicited by saturating cAMP 
was already smaller than that evoked by . 

saturating cGMP in the absence of Ca2+- 
calmodulin, and subsequent application of 
Ca2+-calmodulin had no effect (Fig. 4A). 
We next examined the effect of Ca2+- 
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calmodulin o n  the in vitro interaction sociation of C N G  channel subunits into put protein was visualized by uslng M2 monoclonal an- 
tibody (Eastman Kodak) directed agalnst the FLAG 

between olfactory channel NH2- and tetramers (24) and may govern the qua- ,pitope and the ECL chemilumlnescence detection 
COOH-terminal intracellular domains. ternary arrangement of heteromultimers system (Amersham). lnteractlon assays were repeated 
Addition of salmodulin in the presence of formed with divergent C N G  channel sub- at least three times wlth reproducible results. 

Ca2+ entirely disrupted the interaction units (25). In this regard, C N G  channels 'I. H, A i b a s  S. Fu~imoto, N, Ozaki, Acids 
10, 1345 (1 982); P. Cossart and S. B. Glcquel, ibid., 

between Rolf N and Rolf C (Fig. 4B). This may differ somewhat from the related volt- ,363 - r-, 

effect was not observed with addition of age-gated potassium channel family for 12. M. Li, Y. N. Jan, L. Y. Jan, science 257, 1225 

either calmodulin alone or Ca2+ alone, which NH2-terminal-NH2-terminal inter- (I 992). 

which suggests that only calmoduli~l that actions are the dominant determinant for 
l3 :e:;2T:! KEi),M, 

'fafinger, 

has been activated by binding of Ca2+ can subunit assembly (12). Significantly, un- 14, T, Weher and T, A, Steltz, J, Mol, Bloi, 198, 31 
regulate this interdomain interaction. der oxidizing conditions, rod C N G  chan- (I 987). - 
Similar results were obtained for the in- 
teraction between Rolf N and Brod C (Fig. 
4B). Thus, these data define a region of 
the NH2-terminal domain important for 
interdomain interactions, channel gating, 
and modulation of channel activity by 
Ca2+-calmodulin. 

We propose that the rat olfactory C N G  
channel NH2-terminal domain promotes 
channel activation by direct interaction 
with the COOH-terminal gating machin- 
ery (Fig. 4C) .  Given the favorable contri- 
bution of this region of the olfactory chan- 
nel to the free energy change for channel 
opening (3,  5), we expect that the nature 
of this interaction may also exhibit some 
state dependence: the NH2-terminal do- 
main interacting more strongly with the 
COOH-terminal domain in  the open con- 
formation compared with the closed con- 
formation of the channel, thus stabilizing 
the open state of the channel. However, 
we have not observed a pronounced cyclic 
nucleotide dependence for the in  vitro 
interaction between NH2- and C O O H -  
terminal domains in  these studies (21). 

T h e  interaction between olfactory 
C N G  channel NH2- and COOH-terminal 
domains was specifically blocked by Ca2+- 
calmodulin. Adaptation to odorants in na- 
tive olfactory receptor cells can be ac- 
counted for by a Ca2+ feedback mecha- 
nism acting primarily via Ca2+-calmodu- 
lin regulation of olfactory C N G  channels 
(22). Our results suggest a molecular 
mechanism for modulation of olfactory 
C N G  channels by Ca2+-calmodulin: bind- 
ing of activated calmodulin to  an autoex- 
citatory domain within the C N G  channel 
NH2-terminal domain, disrupting interdo- 
main coupling with the COOH-terminal 
CNB domain. Heteromultimeric rod pho- 
toreceptor C N G  channels are also modu- 
lated by Ca2+-calmodulin (23), and this 
regulation may involve a similar distur- 
bance of interdomain interactions. 

T h e  association of NH,- and C O O H -  
terminal domains may occur within the 
same subunit or between channel subunits 
(Fig. 4C).  T h e  latter possibility would pro- 
vide a structural basis for concerted inter- 
actions between subunits during channel 
activation (18). Such a n  intersubunit in- 
teraction could also contribute to  the as- 

- 
nels form a n  interdomain disulfide bond 
between NH2- and COOH-terminal re- 
gions (1 7) and voltage-gated potassium 
channels display intersubunit interactions 
between NH2- and COOH-terminal cys- 
teine residues (26) .  This type of quaterna- 
ry interaction may be a general feature of 
this ion-channel superfamily. 
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