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Abstract 

Cyclic nucleotide-gated (CNG) channels are non-selective cation channels 

directly activated by cyclic nucleotide binding. They play a vital role in the signal 

transduction cascades that detect and respond to light and odorants, therefore molecules 

that regulate their activity can have a profound impact on the processing of visual and 

olfactory sensory input. The work described in this dissertation seeks to provide 

molecular explanations for two newly discovered forms of olfactory CNG channel 

regulation, by cholesterol and phosphoinositide-3,4,5-trisphosphate (PIP3). 

We discovered a potential functional relationship between membrane cholesterol 

and olfactory CNG channels during experiments designed to understand the molecular 

basis for compartmentation of cyclic nucleotide signaling at the membrane. Following 

exposure of HEK-293 cells to the hormone prostaglandin E1 (PGEl), heterologously 

expressed olfactory CNG channels generate a rapid and dramatic rise in calcium influx as 

a result of increased cAMP production near the membrane. We found that pretreating 

cells with the compound methyl-~-cyclodextrin (MBCD) at 3TC, to extract plasma 

membrane cholesterol, impaired PGEl-stimulated calcium influx. Patch clamp analysis 

revealed that part of this effect could be explained by an average 3-fold decrease in the 

cyclic nucleotide sensitivity of olfactory CNG channels following MBCD treatment. 

Sucrose gradient fractionation of detergent-solubilized cells suggested that the channels 

resided in cholesterol-rich, highly ordered membrane microdomains, called lipid rafts. 

Together, these results implied that an association between olfactory CNG channels and 

cholesterol-rich membrane microdomains was important for maintaining high cyclic 

nucleotide sensitivity. However, further experimental analysis demonstrated that the 
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change in CNG channel sensitivity following MBCD treatment did not correlate with the 

amount of cholesterol removed, or the ability of channels to associate with lipid rafts. 

Therefore, it appears that MBCD alters CNG channel function through non-specific 

extraction of membrane lipids other than cholesterol, or by changing the concentrations 

of regulatory molecules. 

The membrane lipid, PIP3, has previously been shown to inhibit native olfactory 

CNG channels and the response of olfactory sensory neurons (OSNs) to complex 

odorants. We attempted to define the molecular determinants of PIP3 inhibition, in part to 

assess the role of PIP3 regulation in the MBCD-induced decrease in channel function. 

Heterotetrameric olfactory CNG channels, containing CNGA2, A4, and B 1 b subunits, as 

well as homomeric channels containing only CNGA2 subunits, are dramatically inhibited 

by PIP3. In contrast, we found that homomeric channels containing CNGA3 subunits, 

from cone photoreceptor CNG channels, were insensitive to PIP3. Patch clamp analysis of 

channels containing CNGA2/A3 chimeric subunits and CNGA2 subunits with small 

deletions demonstrated that a 30 amino acid stretch of the N-terminus of CNGA2 was 

required for PIP3 inhibition of both homomeric and heteromeric olfactory channels. 

Ca2+/CaM binding to this same region of CNGA2 can also inhibit homomeric channel 

activity. For heteromeric channels, however, Ca2+/CaM causes inhibition by binding to 

CNGA4 and CNGBlb subunits. We found that PIP3 could occlude Ca2+/CaM inhibition 

of both homomeric and heteromeric olfactory CNG channels by interacting with different 

sites in each subunit, even in mutant channels that were not inhibited by PIP3. Our results 

provide evidence that PIP3 disrupts intersubunit interactions in homomeric channels, and 
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may block intersubunit interactions from forming during Ca2
+ /CaM binding to 

heteromeric channels. 
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Chapter 1: Introduction 

1.1 CNG Channels 

1.11 Discovery and Physiological Role 

The existence of ion channels activated by the direct binding of cytoplasmic 

cGMP and cAMP, called cyclic nucleotide-gated (CNG) channels, was originally 

revealed during attempts to understand how photoreceptor cells of the retina transduce 

light into physiologically useful electrical signals. Concurrently, researchers studying 

olfaction realized that odorants could depolarize the membrane potential of olfactory 

sensory neurons through changes in cAMP, and they eventually learned that the channels 

mediating this effect were closely related to those discovered in photoreceptors. The 

ideas and experiments leading to the discovery of CNG channels form a rather classic tale 

of neuroscience history, involving talented investigators employing innovative 

electrophysiological techniques in their search for the molecular basis of sensation. This 

history is well documented in a number of reviews 1
-
6

, but a very short account is 

presented below to provide a general framework for understanding the physiological 

significance of the experiments described in later chapters. 

By 1970, it was well recognized that light striking the pigment-rich outer 

segments of vertebrate rod and cone photoreceptors hyperpolarizes the plasma membrane 

and reduces the release of neurotransmitter onto secondary neurons. Strangely, the light

evoked hyperpolarization was accompanied by an increase in membrane resistance, 

which hinted at the existence of ion channels that remain open in the dark, and close in 

response to light. Hagins and colleagues 7 analyzed current sources and sinks along the 
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length of rat photoreceptors to help establish that the light-induced rise in membrane 

resistance was due to the reduction of a steady, inward, sodium rich 'dark current'. Based 

on the non-linear relationship between light intensity and the change in outer segment 

membrane conductance, Baylor and Fuortes8 proposed the existence of an amplification 

mechanism involving a diffusible signal that could close the channels responsible for 

generating the dark current. While calcium was favored by many as a candidate for the 

proposed diffusible messenger1
, biochemical experiments and data from intracellular 

recordings suggested that a decrease in cGMP concentration might be responsible for the 

photoresponse9
-

18
. This idea received strong support with the development of the patch 

clamp technique and its application to the study of photoreceptor physiology, when 

Fesenko and colleagues successfully recorded cGMP-activated currents from inside-out 

membrane patches of amphibian rod outer segments 19
. Others later demonstrated that the 

cGMP-activated conductance and the photosensitive conductance were identicae0
-
22

. 

More recently, the requirement for CNG channels in this process is supported by loss of 

function channel mutations in patients with certain inherited forms of blindness23
-
26

. 

These reports and others helped establish that the ongoing dark current in the 

outer segments of both rods and cones results from the steady synthesis of cGMP by 

guanylyl cyclase, which persistently activates sodium and calcium entry through a small 

percentage of CNG channels. Light striking the outer segments activates visual pigment 

proteins by converting covalently attached 11-cis-retinal moieties into all-trans isomers. 

When the trimeric G-protein, called transducin, interacts with an activated pigment 

protein, it exchanges bound GDP for GTP, and stimulates phosphodiesterase activity17
•
18

. 

The dramatic reduction in cGMP concentration that follows leads to CNG channel 
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closure and decreased glutamate release onto second order neurons. The light response 

can be rapidly terminated through phosphorylation of activated visual pigments by opsin 

kinase, and subsequent interaction with the protein arrestin. The hydrolysis of GTP to 

GDP by transducin and the spontaneous release of all-trans retinal from visual pigments 

also lead to slower restoration of the dark current. During adaptation to constant light 

stimulation, dark current is also partially restored when decreased calcium influx releases 

the calcium-dependent inhibition of guanylate cyclase and activation of 

phosphodiesterase, leading to slightly elevated cGMP levels (see Figure 1A)27
. 

Concurrent with the later work on photoreceptors, researchers studying 

chemosensory neurons of the olfactory epithelium were learning that odorants trigger 

cAMP synthesis28
-
30

, followed by membrane depolarization and a decrease in input 

resistance31
•
32

• These processes were thought to occur in the long, thin dendritic cilia 

extending from the soma of the sensory neurons. But investigators could not accurately 

determine exactly how cAMP caused membrane depolarization, and the small size of the 

cilia made it technically difficult to electrophysiologically isolate the channels 

responsible for the change in membrane potential. The idea that odorants activated ciliary 

channels through a phosphorylation mechanism involving a cAMP-sensitive protein 

kinase was considered5
, but had no direct support. Finally, in 1987, Nakamura and Gold 

accomplished the difficult task of recording cAMP-activated currents in patches of ciliary 

membrane with solutions lacking ATP and GTP, eliminating the possibility of channel 

phosphorylation33
. 

Further voltage-clamp experiments comparing the properties of odorant-evoked 

channel currents to those recorded in isolated patches34
-
39 helped establish that 
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chemosensation occurs through what is now considered a typical stimulatory G-protein 

reaction scheme. Airborne odorants bind to specific G-protein coupled receptors in the 

ciliary membrane and promote the exchange of GDP for GTP on the trimeric G-protein, 

Golf· This leads to allosteric stimulation of type III adenylyl cyclase and activation of 

CNG channels through direct interaction with newly synthesized cAMP. The calcium that 

enters through open CNG channels then activates chloride channels, which allow chloride 

ions to exit the cilia, thereby depolarizing the membrane and increasing transmitter 

release onto second order neurons40
. As in photoreceptors, elevated intraciliary calcium 

levels also play a role in adaptation of the odorant response, in this case by stimulating 

calmodulin-mediated inhibition of CNG channels and adenylyl cyclases41
• The absolutely 

essential role played by CNG channels in this process is best demonstrated by reports on 

mice lacking specific channel subunits (see Figure 1B)42
.4

3
. 

Since their discovery in photoreceptor outer segments and OSN cilia, CNG 

channel mRNA and proteins have been detected in a variety of neuronal and non

neuronal tissues, such as cortex, lung, kidney, and testis44
. However, many of these 

reports have not been confirmed, and the physiological role of CNG channels in these 

tissues remains unclear for several reasons. One major hindrance is the lack of specific 

pharmacological agents that block or alter native CNG channel function45
. Whole-cell 

patch clamp studies are also difficult since intracellularly applied or membrane-permeant 

cyclic nucleotides can induce a number of responses unrelated to channel activity. Also, 

while experiments with outer segments and olfactory cilia benefit from the advantage of 

channel abundance, CNG channels in other cells are likely not as densely expressed, and 
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may in addition be specifically localized to discrete subcellular regions that may not be 

amenable to direct study. 

Despite these issues, a few potentially novel roles for CNG channels are worth 

mentioning. Accumulating evidence from a number of labs suggests possible functional 

roles for CNG channels in hippocampal pyramidal cells. For example, CNG channel 

subunit mRNAs and proteins have been detected in hippocampal neurons, and mice 

lacking CNGA2 subunits exhibit disrupted hippocampal long term potentiation with theta 

burst induction protocols46
• Also, prolonged depolarization of hippocampal neurons 

following coincident spiking and muscarinic activation, called plateau potentials, rely on 

a cGMP-sensitive conductance that can be blocked by two non-specific CNG channel 

blockers47
• These plateau potentials may play a role in seizure spread. Finally, CNG 

channels have been implicated in stimulating neurotransmitter release in cones in 

response to retrograde nitric oxide signaling 48
. 
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A 

B 
Ollaclcxy 6ulb 

Olfactcxy 
Ep1thelium 

Figure 1: CNG Channel Physiology (A) Phototransduction cascade in rod 

photoreceptor. Rod photoreceptor (left) with phototransduction cascade on rod disc 

membrane and rod outer segment (right). A photon activates rhodopsin (Rh), which in 

turn activates the heterotrimeric G protein transducin (T), whose a subunit activates a 

phosphodiesterase (PDE). A GNG channel is shown in the outer segment membrane, and 
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the downstream effects of Ca2+ influx [calmodulin (CaM) binding, activation of guanylyl 

cyclase (GC) by guanylyl cyclase-activating protein (GCAP), and other effects] are 

shown with dotted arrows. (B) Olfactory transduction cascade in olfactory epithelium. 

Olfactory receptor cell (left) with olfactory transduction cascade in cilia (right). Odorants 

bind to and activate the olfactory receptor (OR), which activates a heterotrimeric G

protein, whose a subunit activates adenylyl cyclase (AC). AC produces cAMP, which 

activates CNG channels. Downstream effects of Ca2+ [binding of calmodulin (CaM) and 

activating of a Ca2+-sensitive Cl- channel] are shown by dotted arrows. Figures and 

legends from reference 90. 
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1.12 Cloning and Molecular Structure 

The high density of CNG channels expressed in rod outer segments facilitated 

their purification from bovine retina49
. Based on a partial amino acid sequence of one of 

the purified proteins, a eDNA clone was then isolated50
. Using probes based on this initial 

clone, 6 different mammalian CNG channel genes were gradually discovered51
-
58

. 

Sequence comparisons place the genes into two different subfamilies, referred to as A 

and B. 

Each gene has been expressed in both X. laevis oocytes and cultured mammalian 

cells, and the resulting channels have been studied intensively. Functional comparisons 

between native and heterologously expressed channels support the idea that each native 

channel is a heteromeric assembly of at least 2 different subunits, and subunit 

stoichiometries have been investigated using a variety of approaches (Figure 2B ). The 

CNG channels of rod outer segments are complexes of three Al subunits with one B 1 

subunit59
-
61

, while cone photoreceptor channels contain two A3 subunits and two B3 

subunits62
. Channels of olfactory cilia contain two copies of CNGA2, one copy of 

CNGA4, and one copy of CNGBlb, which is an alternatively spliced variant of B163
-
65

. 

Human orthologues have been identified66
-
68

, and the genomes of D. melanogaster and C. 

elegans also contain CNG channel genes homologous to those found in mammals44
. 

Primary sequence analysis places CNG channels within the superfamily of 

voltage-gated cation channels, which includes K+, Na+, and Ca2+ channels. The current 

model for the transmembrane topology of CNG channel subunits resembles that proposed 

for the cation channel superfamily69
. The CNG channel model is based largely on amino 

acid hydrophobicity profiles, but has also received support from antibody labeling and a 
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gene fusion approach using an enzyme reporter expressed at different locations within the 

Al subunie0
-
72

. According to this model, each subunit consists of 6 transmembrane 

segments (S 1-S6) surrounding a central pore and flanked by cytoplasmic C- and N

termini. The greatest diversity between subunits exists within the amino terminals, for 

which little structural information is available, as well as within the small loops 

connecting transmembrane segments (refer to Figure 2A for general topological features). 

1.12a Structural Features of the S4-S6 Region 

The S4 segments are modeled as helices with 3 or 4 positively charged residues 

along one face, an unusually large number of charges for a helix spanning the 

hydrophobic bilayer. This is reminiscent of the S4 regions of voltage-gated cation 

channels, which contain even more positive charges and act as major component of the 

voltage-sensing mechanism 73
. The open probability of rod channels, and to a lesser extent 

olfactory channels, is mildly voltage dependent, leading to mild outward rectification. 

While the S4 region has not been directly implicated in this voltage dependence, the S4 

from the CNGA2 subunit can support voltage-dependent activation in the context of an 

ether-a-go-go channel74
. Therefore, while CNG channels cannot be directly activated by 

voltage changes alone, the S4 segment may impart some voltage-dependence by altering 

the conformation of the pore. 

The S5 and S6 segments, which are linked by an extracellular loop that partially 

enters the plane of the membrane, comprise the highly conserved pore domain. The 

crystal structure of a bacterial potassium channel, KcsA, which consists solely of a pore 

domain with sequence similarity to the pore of voltage-gated cation channels 75
, provided 
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a template for predicting the pore structure in CNG channels, and now several lines of 

evidence support this comparison76
. These data imply that the small S5-S6 linker loop, 

called the P loop, leaves the top of S5 and enters the membrane plane as a small alpha 

helix, then it curls back out of the plane of the membrane as a coiled strand, eventually 

connecting to the top of S6. The P loop has received much attention since its residues are 

critical members of the 'selectivity filter' that determines which ions pass through the 

pore of cation channels 77
. Mutagenesis studies support the role of the P loop in 

controlling CNG channel ion selectivity as well78
-
82

. Recently, Qu et al demonstrated that 

reversing the charge of a single P loop glutamate residue produces anion-selective 

CNGA2 channels83
• Accessibility studies also show that many P-loop residues move 

during channel gating, and some evidence suggests that this region may actually serve as 

the primary gate for CNG channels76
•
84

-
86

. 

1.12b Structure of the Cyclic Nucleotide Binding Domain and C

Linker 

One of the most defining, but certainly not unique, structural and functional 

domains of CNG channels is the cyclic nucleotide binding domain (CNBD) within the C

terminal region of every subunit. Intense investigation of this domain has provided a 

significant amount of structural information, as well as great insight into the 

conformational changes that may occur following cyclic nucleotide binding. Each of 

these domains is approximately 80-100 residues in length, and the sequences strongly 

resemble those of functionally related domains in other cyclic nucleotide binding 

proteins, such as protein kinase A (PKA), protein kinase G, the bacterial catabolite 
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activator protein (CAP), and the CNBD of the HCN2 channel (see Figure 2C). The 

crystal structures for three of these CNBDs- those from PKA, CAP, and HCN2- have 

been solved with bound cyclic nucleotides, and the structural homology between the 

three proteins from different species is remarkable87
-
90

. Based on these results, CNG 

channel CNBDs are thought to be formed by a flattened beta-roll structure connected to 

alpha helices at both ends (Figure 2C). This model has proven extremely reliable for 

predicting residues critical for ligand binding and selectivity (see section 1.13b ). 

In the crystal structure for the CNBD of HCN2, the sequence linking the CNBD 

to the pore, called the C-linker, was also resolved as a series of 6 alpha helices of varying 

length connected by short loops89
• For both HCN and CNG channels, the C-linker plays a 

critical role in transferring the energy of cyclic nucleotide binding into conformational 

changes that favor opening of the pore (see section 1.14b). Mutagenesis studies with 

CNGAl suggest that the C-linkers of CNG channels share structural homology with the 

x-ray structure of HCN291
• Based on the HCN2 crystal structure, as well as electron 

microscopy and mutagenesis data92
·
93

, it appears that the CNBDs and C-linker regions of 

each of the four CNG channel subunits in a tetramer interact to form a quaternary 

'hanging donut' feature. According to this model, a tunnel formed at the intersubunit 

interface between CNBDs runs perpendicular to the face of the membrane and operates 

as a 'gating ring'; ions may flow through a gap between the hanging CNBDs and the 

membrane surface. 
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1.12c Quaternary Relationships 

Significant details about the quaternary structure of CNG channels have recently 

emerged. The idea that functional CNG channels are oligomeric assemblies was 

originally inferred from the cooperitivity of homomeric channels; single subunits contain 

only one CNBD sequence, but dose-response relations suggested cooperative activation 

by at least 2-3 ligands. Work with the related voltage-gated potassium channels pointed 

to a tetrameric arrangement94
, but data specific to CNG channels was first provided by 

Steven Siegelbaum and colleagues in 199695
. Their work relied on coexpressing 

individual or linked dimer constructs of wild type A 1 subunits with mutant subunits 

containing the CNGA2 P-loop, which altered the single-channel conductance. The results 

of this study not only strongly supported a tetrameric arrangement for CNG subunits, but 

showed that the precise location of individual subunits in relation to each other could 

influence pore properties. Subsequent work has established that when two or more 

different subunits are coexpressed, they preferentially assemble into heterotetramers with 

characteristic stoichiometries59
-
63

. 

Specific residues responsible for tetramerization have not yet been defined. The 

structural data discussed above, in addition to cysteine cross-linking and nickel 

interaction studies, suggest that the C-linkers and CNBDs of adjacent subunits are in very 

close proximity96
-
98

. Other work shows that the amino- and carboxy-terminal domains , 

can interact with each other99
-
101

. However, mutating amino acids in either the amino 

terminus or the C-linker, or removing the distal half of the amino terminus of CNGA1 

and CNGA2, disrupts activation without eliminating channel conductance. Thus 

tetramerization is likely governed by residues elsewhere in the subunits. It is worth noting 

12 



that a mutant CNGA2 subunit lacking approximately 30 ammo acids in the amino 

terminus just before S 1 does not form functional channels 102
. The location of these 

residues and the functional results following removal are somewhat reminiscent of the Tl 

domain identified as important for tetramerization of voltage-gated potassium 

channels 103
• 
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Figure 2: CNG Channel Structure (A) Predicted topology of a pair of CNGA2 channel 

subunits. See text for detailed description. Modified from reference 90. (B) Reported 

stoichiometry for the three known types of native CNG channels. For olfactory channels, 

the exact spatial arrangement of the subunits is not known. Modified from reference 44. 

(C) Ribbon _diagram of the HCN2 C-terminus crystal structure. The N-terminus in the 

diagram connects to the cytoplasmic end of S6. cAMP is shown in its binding pocket. 
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Numbers refer to ~-sheets while letters refer to a-helices. Helices A' through F' make up 

the C-linker. Modified from reference 89. 
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1.13 Basic Functional Properties 

Only the Al-A3 subunits form functional homomeric channels when 

heterologously expressed, but these channels do not recapitulate all properties of native 

channels. Now it is clear that channels in photoreceptors and OSNs are heterotetrameric 

complexes of 2 or 3 different subunits, and the subunit composition and arrangement 

have a pronounced effect on various channel properties. All homomeric and heteromeric 

channels are non-selective cation channels with qualitatively similar selectivities for 

monovalent cations44
• However other properties, especially calcium permeability and 

ligand sensitivity, differ significantly across channel subtypes, and the molecular 

elements underlying these differences have received intense study over the past two 

decades. 

1.13a Permeant Block by Divalent Cations 

All CNG channels exhibit a voltage-dependent block of monovalent current by 

extracellular divalent cations 104
-
109

• The voltage-dependence of divalent block is 

somewhat complex, with permeation occurring at positive and strongly negative 

membrane potentials. This behavior was taken as evidence that divalent cations act as 

permeant blockers by moving through the channel pore in single file with long transit 

times, due to high affinity interactions with pore residues. Work with mutant alpha 

subunits led to the identification of a single glutamate residue in the P loop as the sole 

b. d" . .f' 11 1 d" 1 . 79 80 110 Wh"l h" "d . . . 1 .f' m mg Site 10r extrace u ar tva ent catiOns ' ' . 1 e t IS rest ue IS cntlca 10r 

divalent block, residues within S5 and S6 and the extracellular loops connecting these 

segments to the pore loop can influence blocking characteristics 78
•
109

•
111

• Beta subunits 
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carry a glycine rather than a glutamate, and thus contribute to decreased divalent block 

when present in heteromeric channels. The decreased affinity of heteromeric channels 

results in flickery single channel behavior in the presence of divalents, reflecting the fact 

that divalent ions rapidly enter and leave the extracellular region of the pore104
·
105

. The 

voltage-dependent calcium permeability of native CNG channels plays an extremely 

important physiological role. For example, partial calcium block of native rod CNG 

channels contributes to reduced noise and increased sensitivity during rapid illumination 

changes. Calcium also influences the activity of multiple enzymes in the photosensitive 

transduction cascade. In OSNs, small amounts of calcium entering through ciliary CNG 

channels trigger large changes in membrane potential by opening calcium-activated 

chloride channels40
• Also, as discussed further in the next section, calcium can act 

through calmodulin to shift the cyclic nucleotide sensitivity of CNG channels and inhibit 

adenylyl cyclases, two processes involved in sensory adaptation. 

1.13b: Cyclic Nucleotide Sensitivity and Selectivity 

Perhaps the most salient distinguishing feature across CNG channel subtypes is 

their relative sensitivities to cGMP and cAMP. Two features are typically used to 

characterize cyclic nucleotide sensitivity, maximum current and the K112, which is the 

concentration required for activation of half the maximal current produced by the same 

agonist. For heteromeric olfactory channels, the K112 for cGMP is only slightly less than 

that for cAMP, and saturating amounts of both agonists generate the same maximum 

current. Rod and cone channels, however, exhibit only partial activation by cAMP, less 

than half the current activated by cGMP, and the K 112 for cAMP is orders of magnitude 
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greater than for cGMP. Thus cAMP is considered a partial agonist for these channels (see 

Figure 3). The cyclic nucleotide selectivity of Al-A3 homomeric channels is qualitatively 

similar to that seen in native or heterologously expressed heteromeric channels. In 

general, the inclusion of beta subunits confers greater overall sensitivity. Homomeric 

CNGA2 channels, for example, have a K112 for cAMP that is about 30 times greater than 

that for cGMP. Heteromeric CNGA2/A4/Blb channels, though, exhibit only a 2-fold 

difference in K112 values for cAMP and cGMP. 
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Figure 3: CNG Channel Activation Curves Simulated cyclic nucleotide activation 

curves for native rod and olfactory CNG channels. While cGMP and cAMP are both 

strong activators of olfactory channels, cAMP serves as only a partial agonist for rod 

channels. Figure modified from reference 44. 
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1.14 The Channel Activation Process 

Two conceptually distinct events underlie channel activation by cyclic 

nucleotides: binding and the subsequent conformational changes that lead to opening of 

the pore, referred to as the gating process. Thus cyclic nucleotide sensitivity is 

determined both by the affinity of the ligand for its binding site and the ability of the 

ligand-binding event to alter the conformation of the gate. In practice, these two events 

are difficult to independently measure, and the cyclic nucleotide binding affinity has not 

been directly determined for any CNG channel. For this reason, the term apparent affinity 

is used to describe the response of channels to cyclic nucleotides. However, state models 

of CNG channel kinetic behavior have facilitated mathematical estimations of the relative 

contributions that binding affinity and gating make to sensitivity112
. With such models 

(discussed in more detail in section 1.15), most researchers have concluded that cGMP is 

a much stronger channel activator than cAMP by virtue of its gating efficacy alone, and 

that the two ligands exhibit similar binding affinities. Also, different sensitivities across 

channel subtypes are thought to result almost entirely from changes in gating efficacy. 

Gordon and Zagotta have suggested that the cGMP/cAMP gating efficacy ratio is roughly 

the same across channel subtypes, and only the strength of the common gating 

mechanism changes 113
. According to this idea, cGMP and cAMP are both effective 

agonists for olfactory channels because the resistance toward common conformational 

changes following binding is low. Yet in photoreceptor channels the resistance to 

opening is much higher, so although the relative cGMP/cAMP gating efficacy is identical 

to that in olfactory channels, the absolute efficacy is shifted such that cAMP acts as a 

partial agonist. 
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The molecular mechanisms underlying cyclic nucleotide sensitivity and 

selectivity have received much attention. With the aid of simple mutagenesis studies, 

cysteine crosslinking and modification, and the construction of chimeric channels, 

numerous regions of the channel are now known to affect either the binding of cyclic 

nucleotides or the gating mechanism. Four different subunit regions are especially 

important: the cyclic nucleotide binding domain (CNBD), the linker between the CNBD 

and S6 (C-linker), the P-loop, and the amino terminus. 

1.14a Role of the CNBD and the Pore in Channel Activation 

The high degree of sequence similarity between the CNBDs of CNG channels and 

those of other proteins (CAP, PKA, HCN2) has greatly facilitated studies on the control 

of ligand sensitivity and discrimination by this region, especially since crystal structures 

with bound nucleotides have been generated. Based on this information, at least two 

residues have been identified within the ~-roll region of the CNBD that, when mutated, 

dramatically reduce cGMP sensitivity either without affecting cAMP sensitivity or 

increasing it 114
-
116

• One of these residues, D604 of the rod channel and E583 of the 

olfactory channel, appears to make an unfavorable interaction with cAMP that inhibits 

conformational changes following binding115
• The state dependence of cysteine 

accessibility for residues in the ~-roll suggests that a large portion of this domain 

undergoes structural rearrangements after ligand binding that may be necessary for 

initiating pore opening117
. 

Not surprisingly, and as predicted by the principle of detailed balances as applied 

to closed loop reaction schemes, pore opening leads to enhanced agonist affinity at the 
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CNBD I Is. Other mutagenesis studies strongly suggest that the pore environment 
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since opening of the pore is the final step in the gating process, and any change in the 

resistance to opening will alter cyclic nucleotide dose-response relations. 

1.14b Role of the C-Linker in the Activation Process 

The transfer of ligand binding energy into pore opening appears to involve 

rearrangements of the C-linker connecting the CNBD to S6. The first indication of this 

behavior came from attempts to understand how divalent transition metal ions, especially 

nickel, alter cyclic nucleotide sensitivity. Nickel applied to the cytoplasmic surface of 

homomeric Al channels potentiates activation by both cGMP and cAMP, while CNGA2 

channels are inhibited85
,II

3
•
120

. Sequence comparisons led to targeted mutagenesis 

experiments, and single histidine residues in the C-linkers were identified as necessary 

for nickel regulation II
3

,I
20

. Subsequent studies with chimeric channels led to the 

discovery of an additional 3 residues in the C-linker that controlled cyclic nucleotide 

sensitivityi 2
I·

122
. Substituting histidines along the C-linker and analyzing nickel 

regulation suggested that a large portion rotates during activation97
. Covalent 

modification of a naturally occurring cysteine residue in the C-linker of Al dramatically 

alters cyclic nucleotide sensitivity and displays a state-dependent difference in the rate of 

covalent modification, further supporting movement during activation123
. The HCN2 C-

terminal crystal structure showed intrasubunit salt bridges between the C-linker and the 

CNBD, as well as intersubunit salt bridges between adjacent C-linkers. Mutagenesis 
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studies now show that these salt bridges stabilize the closed state of the channel, and 

disrupting them greatly facilitates channel opening91
• 

1.14c Role of the Amino Terminus in Channel Activation 

Quite unexpectedly, the N-terminus of CNG channel subunits also dramatically 

affects channel gating through interactions with regions of the C-terminus. In fact, for 

CNGA2 channels, interactions involving the N-terminals appear to contribute 

significantly to increased cyclic nucleotide sensitivity relative to Al and A3 channels. 

Studies with chimeras show that when theN-terminus of Al is replaced with that from 

CNGA2, the cAMP efficacy vastly increases. Including the Sl domain through the S2-S3 

linker from CNGA2 converts cAMP from a partial agonist to nearly a full agonist 118
• 

Similar results are observed with CNGA2/A3 chimeras 124
. Also, deletion of a 30 amino 

acid region from the amino terminus of CNGA2 increases both the cGMP and cAMP K112 

values, and converts cAMP into a partial agonist100
. Through gel overlay and 

fluorescence resonance energy transfer (FRET) experiments, it now appears that the N

terminus of CNGA2 enhances gating transitions through an interaction with the P-roll of 

the CNBD 100
•
101

• This interaction is referred to as autoexcitatory, since it lowers the free 

energy required for the gating process 125
• In the HCN2 C-terminal crystal structure, some 

of the regions of the CNBD reportedly involved in theN-terminal interaction are slightly 

buried by the adjacent subunit. Thus, the N-terminus may distort the shape of the CNBD 

to enhance cyclic nucleotide sensitivity. Though a similar interaction reportedly exists in 

rod channels, it does not seem to play a significant role in gating99
• An intersubunit 

interaction between the N-terminus of CNGBl and the C-terminus of CNGAl has also 
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been identified, but this interaction facilitates trafficking rather than gating126
• No studies 

have directly examined interactions involving theN-terminus of cone channels. 
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1.15 Kinetic Models of Channel Cooperativity 

Most of the experiments described thus far have employed steady-state analysis of 

wild-type and mutant CNG channel behavior. While such studies have helped define 

multiple subunit regions that play a role in channel activation, steady-state analysis alone 

provides only limited information about the sequence of molecular events leading from 

cyclic nucleotide binding to pore opening. Furthermore, the results of steady-state 

experiments performed at saturating ligand concentrations may have little physiological 

relevance, since ligand concentrations in native cells responding to natural stimuli are 

generally much more dynamic and well below the concentrations required to saturate 

CNG channel activity. 

Another important aspect of the CNG channel gating process that is difficult to 

study under steady-state conditions with saturating ligand concentrations is cooperativity. 

With the first recordings from patches containing different CNG channel types 19
•
33

, 

researchers recognized that the sigmoidal shape of dose response relationships indicated 

that multiple ligands bind in a cooperative fashion to promote channel activation. Thus, 

the binding of ligand at one CNBD can facilitate binding at other subunits, resulting in a 

steep cyclic nucleotide dependence. Although CNG channels function as tetramers, the 

slope of dose response relationships suggests that at least 2 or 3 ligands must bind for 

significant activation. 

To better understand the CNG channel gating mechanism and its inherent 

cooperative nature, researchers have directly studied the kinetics of channel behavior 

using a variety of approaches, including recording from single channels, covalently 
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tethering ligands to channels, and rapidly presenting ligands by photoactivation. Kinetic 

analysis has led to the development of models that attempt to describe the steps leading to 

activation by defining the relationships between short- and long-lifetime channel states. 

Early models based primarily on steady-state data, such as the Hill and sequential models 

described below, inadequately explain CNG channel behavior. Through kinetic analysis, 

more accurate models have been generated, which may provide a core set of relationships 

upon which further research can build. 

1.15a The Hill and Sequential Models 

The simplest model first employed to describe CNG channel data is the Hill 

model 104
·
105

• This is essentially a sequential cooperative model involving only two states, 

open and closed, and the binding of all ligands is assumed to occur all at once. While 

somewhat unrealistic, this model does roughly fit macroscopic dose-response data, and 

provides a lower limit for the number of ligands involved in channel activation. Today, 

the most commonly used method for quantitatively comparing the cyclic nucleotide 

dependence of different channels or the effects of modulation relies on the equation 

derived from this model, called the Hill equation: Illmax = [ligandt/((Ku2)n + [ligandt), 

where 1/Imax represents the relative activation at a given cyclic nucleotide concentration, 

and n is the function of the slope, referred to as the cooperativity constant. Values of 1.5 

to 3 are typically seen for different CNG channels, where a value of 1 represents the 

absence of cooperativity. Ruiz et al found that the Hill coefficient of macroscopic 

currents is generally lower than that of single channels due to variation in single channel 

K112 values, perhaps as a result of varying degrees of channel modulation127
. 

26 



More detailed sequential models have been tried that maintain a single closed to 

open transition, but propose that the channel can exist in multiple closed states depending 

on the number of ligands bound. Such models are similar to those employed by Hodgkin 

and Huxley to describe the voltage dependence of the action potential. Models requiring 

as many as 3 binding steps before opening, or as few as 2, and even one, have been 

developed120
·
128

•
129

• These models have been applied to homomeric Al channels to 

determine the basis for the vast difference in cAMP and cGMP sensitivity. One group 

proposed that the difference could primarily be accounted for by approximately a 1000-

fold difference in the equilibrium constant of the final closed to open transition, since 

changes in binding affinity alone could not account for the partial agonist effect of 

cAMP 1 13
• Li and Lester, however, propose a 30-fold difference in the dissociation 

constants for the two nucleotides, with only a 3-fold difference in the closed to open 

transition129
• The disagreement may represent the fact that one group relied on 

macroscopic data113
, while the other used single channel data129

. But it also illustrates the 

inadequacy of sequential models for describing all aspects of CNG channel behavior. 

Sequential models do not allow spontaneous channel opening in the absence of ligand or 

the presence of multiple open states with different conductances, though both of these 

phenomena have been observed for CNG channels 104
·
105

•
119

·
125

·
128

•
130

-
134

. 

1 .15b Allosteric Models 

To account for spontaneous channel opening and subconductance states, cyclic 

allosteric models based on the Monod, Wyman, and Changeux (MWC) model have been 

developed125
•
135

•
136

. In these models, channel openings can occur with any number of 
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bound ligands, though some states are rarely observed. When one subunit transitions into 

an open conformation, all other subunits follow suit. This concerted transition means that 

for each bound ligand, there is still only one closed state, and one open state. Ligands can 

also bind to either closed or open channel conformations. A modified version of the 

cyclic allosteric model, called the coupled dimer model, proposes that two adjacent 

subunits act essentially as a single allosteric unit with 2 binding sites, and only the 

conversion of a single dimer into the open configuration is required for channel 

opening137
• In general, MWC-type allosteric models provide more accurate descriptions 

of CNG channel behavior. 

A greatly expanded general allosteric model was proposed by Ruiz and Karpen to 

explain their data involving Al channels locked in different ligand-bound states 131
• Using 

an analogue of cGMP that, upon photoactivation, covalently tethers to channel binding 

sites, they observed numerous distinct subconductance states in single channel 

recordings. The ability to covalently lock a specific number of ligands to the channel 

largely avoids the need to consider changes in binding affinity when modeling kinetic 

behavior. Their model, which they call a connected state model, allows for a much wider 

range of structural flexibility. Unlike an MWC-type model, the connected state model 

allows each subunit to independently assume one of 2 or more possible conformations, 

either spontaneously or upon ligand binding. Ligand binding of course favors one 

conformation over others. Further, the conformation of one subunit affects the probability 

that nearby subunits undergo a state transition. According to this model, the size of the 

channel conductance is in general influenced by the number of subunits in a given 
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conformation, while the lifetime of a state is determined by the spatial relationship, 

diagonal or adjacent, of other subunits in given states. 

Finally, a recent study has proposed that olfactory CNG channels function 

through a non-cyclic and non-sequential allosteric model 138
. Their kinetic data comes 

from macroscopic patch clamp recordings where channels are activated by derivatives of 

cyclic nucleotides that do not bind to the channels until activated by a light flash. These 

derivatives allow the patch to be bathed in ligand for an extended period before channel 

binding, which eliminates any errors that diffusion or other steric hindrances may 

provide. With this method, the activation timecourse primarily represents the kinetics of 

binding and gating. The authors say that their data does not fit with previously proposed 

models, and propose their own model with channel open states occurring with none, one, 

two, or three bound ligands. Transitions from one open state to another are only possible 

by first returning to a closed state followed by binding to another ligand. This interesting 

model has not received further testing, and inadequately deals with the existence of 

multiple subconductance states. 

While no single model perhaps perfectly describes all aspects of CNG channel 

behavior, each model has its particular merits and uses. The Hill model, for example, 

provides a simple method for fitting macroscopic dose-response data, and determining 

the degree of cooperativity under different conditions. Sequential models can provide 

low-end estimates of the number of ligands necessary for full channel activation, and 

these models can also be used to qualify whether changes in channel sensitivity due to 

experimental manipulations or modulation, can be explained entirely by changes in 

gating or binding affinity. The models that best fit macroscopic and single channel 
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behavior, however, are the allosteric models, which propose that ligand binding at one 

subunit pressures other subunits into assuming a configuration that favors channel 

opening. These models are much more mathematically complicated, but they may 

ultimately be useful and necessary for understanding the molecular determinants of 

cooperativity as well as for describing specific biophysical mechanisms underlying 

channel regulation. 

1.16 CNG Channel Modulation 

Since CNG channels mediate the initial electrical response to light and odorants, 

modulation of their activity can have a dramatic impact on initial sensory sensitivity and 

further processing. In isolated patches, all CNG channel subtypes can be modulated by 

divalent cations, phosphorylation and calmodulin, as well as by certain physiologically 

relevant lipid molecules. However, the effects of each regulator can vary widely across 

different channel subtypes. Furthermore, the physiological significance of the different 

forms of modulation is unclear, with the exception of calmodulin inhibition of olfactory 

channels. 

1 .16a Phosphorylation 

Phosphorylation has been reported to inhibit both rod and cone CNG channels, 

and potentiate olfactory channels. Channels in patches pulled from rod outer segment 

membranes show a gradual increase in their cGMP sensitivity over a period of minutes. 

This behavior is blocked by the presence of compounds that inhibit serine/threonine 

phosphatases. However no specific residues have been identified as important, thus it is 
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unclear if this behavior is due to direct or indirect effects 139
• Both native and 

heterologously expressed rod CNG channels can be inhibited by activators of tyrosine 

kinases 140
. A tyrosine in the CNBD of A1 is required for this regulation, and addition of a 

tyrosine to CNGA2 at this location confers sensitivity to tyrosine phosphorylation141
• 

Interestingly, A1 channels lacking this tyrosine can still be inhibited to a similar extent by 

the tyrosine phosphatase inhibitor, genistein142
'
143

• Regions in and near the cytoplasmic 

end of S6 are important for this effect, and may be involved in directly binding genistein 

to stabilize channel closed states 144
• A3 channels are reportedly inhibited by 

phosphorylation at two specific serines, but the importance of this form of modulation 

has not been studied with native channels44
• The apparent affinity of CNGA2 channels is 

increased by an order of magnitude by phosphorylation of a serine in the amino terminus, 

just downstream of the calmodulin binding site145
• The mechanism of this effect is 

unclear, but it does not appear to influence regulation by calmodulin. No such modulation 

by phosphorylation is observed with native or heterologously expressed heteromeric 

olfactory channels. And, if you've read this far I applaud your stamina. 

1.16b Calcium/Calmodulin Inhibition 

Compared to phosphorylation, much more is known about the molecular 

mechanisms underlying CNG channel regulation by the calcium binding protein, 

calmodulin. For all heteromeric channels, calcium-bound calmodulin (Ca2+/CaM) 

interacts with sequences in beta subunits and appears to influence the gating process 146
• 

B 1 subunits of rod channels have a calmodulin binding site In the distal N-terminus 147
-
149

, 

a region that is also capable of interacting with the distal C-terminus of A1 subunits 126
• 
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Disruption of the intersubunit interaction is thought to be responsible for the mild, 

approximately 2-fold decrease in apparent affinity upon Ca2+/CaM binding150
•
151

. Cone 

channels also exhibit a mild decrease in apparent affinity with Ca2+ /CaM binding, and 

sequences in both theN- and C-termini of B3 are necessary for this effect152
. Homomeric 

A3 channels are insensitive to regulation by Ca2+/CaM, although a region in the N

terminus is capable of binding Ca2+/CaM124
• Despite an understanding of the molecular 

details of calmodulin regulation of the rod and cone CNG channels, a role for calmodulin 

regulation in adjusting the light response has not yet been established113
•
153

-
156

. 

In contrast, calmodulin plays a central role in olfaction, where it is critical for 

adaptation to the persistent presence of background odors 157
-
159

• This occurs rapidly, as 

calcium enters channels activated by the background odorant and binds to calmodulin. 

Early experiments observed that native and CNGA2 homomeric channels were inhibited 

up to 20-fold by nanomolar amounts of Ca2+/CaM (Figure 4A) 102
•
160

. Subsequently, a 

domain within the N-terminus of CNGA2 necessary for Ca2+/CaM regulation was 

discovered 100
•
102

•
124

• This domain resembles the 14-3-3 class of calmodulin binding 

motifs, which consists of basic and hydrophobic residues on opposite faces of a short 

alpha helix 161
• Removal of this region from CNGA2 subunits produces channels with 

severely decreased cyclic nucleotide sensitivity, and the shift in sensitivity is identical to 

that seen in wild type channels following Ca2+/CaM exposure100
·
102

• This observation 

contributed to the now well supported idea that in homomeric CNGA2 channels, the 14-

3-3 motif of one subunit interacts with the CNBD of another subunit, which facilitates 

gating to produce an autostimulatory effect on cyclic nucleotide sensitivity. Ca2+/CaM 

lowers channel sensitivity by disrupting this interaction (Figure 4B)100
•
101

• 
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Interestingly, removal of the 14-3-3 motif from CNGA2 subunits does not affect 

Ca2+/CaM regulation of heteromeric channels. Instead, domains in the C-linker region of 

CNGA4 and theN-terminus of CNGBlb are both necessary for Ca2+/CaM regulation of 

heteromeric channels (Figure 4C-E)162
•
163

. These domains resemble typical IQ motifs, 

which begin with an I, L, or V residue followed immediately by a Q, then by a short 

sequence of interspersed hydrophobic and basic residues. In other channels, these 

sequences bind tightly to the calcium-free form of calmodulin, called apocalmodulin. The 

IQ domains of CNGA4 and CNGBlb also appear to bind tightly to apocalmodulin162
, 

which likely leads to the faster kinetics of calmodulin regulation for heteromeric versus 

homomeric channels 163
. A severe defect in olfactory adaptation behavior is observed in 

CNGA4 knockout mice, due to the lack of Ca2+/CaM-mediated feedback inhibition65
•
164

• 

In contrast to our understanding of the mechanism of Ca2+/CaM inhibition of CNGA2 

channels, it is still unclear how Ca2+/CaM alters the ligand sensitivity of native 

heteromeric channels. 

1 .16c Lipid Regulation of CNG Channels 

During the last decade, interest in the regulation of CNG channels by lipids has 

increased. Rod CNG channels are inhibited by supposedly physiological levels (low 

micromolar) of all-trans-retinal, which dissociates from opsin after light induced 

isomerization of 11-cis-retinal165
• The effect of all-trans retinal is more pronounced at 

subsaturating cyclic nucleotide concentrations, suggesting a greater interaction with 

closed states 166
. No specific channel regions have been implicated in this form of 

regulation, but studies with' various retinoid analogues place certain spatial constraints on 
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the locus of action167
. Although 11-cis-retinal can also inhibit channel function, much 

higher concentrations are required, and this opsin-bound isomer would not likely have 

access to channels in outer segment membranes. The authors of these studies argue that 

all-trans retinal may contribute to decreased channel activity during bright light exposure, 

but this remains to de demonstrated. 

CNG channels can also be inhibited by the phosphoinositides, 

phosphatidylinositol-4,5-bisphosphate (PIP2) and phosphatidylinositol -3,4,5-

triphosphate (PIP3), as well as by analogues of one of the major metabolites of these 

lipids, diacylglycerol (DAG). Together, PIP2 and PIP3 are estimated to make up 

approximately 1% of the total plasma membrane content168
. They appear to regulate a 

variety of cellular functions, with PIP2 playing a major role in cytoskeletal dynamics, and 

PIP3 operating in signaling cascades important for cell growth and death168
-
170

• Using 

GFP-tagged pleckstrin homology domains that specifically interact with either PIP2 or 

PIP3, it has been shown that PIP2 levels at the plasma membrane are generally more 

stable than PIP3 levels 168
•
171

• Stimulation by hormones often results in a decrease in 

plasma membrane PIP2, either through phospholipase C (PLC)-mediated cleavage into 

soluble inositol trisphosphate (IP3) and membrane embedded DAG, or through the 

phosphoinositide-3-kinase (PI3K)-mediated synthesis of PIP3• However, PIP2 levels can 

also increase, following EGF stimulation for example. It has also been proposed that 

particular membrane associated proteins can sequester PIP2, until a higher affinity ligand, 

calmodulin for example, binds to a nearby or overlapping site, thereby releasing PIP2 and 

increasing its local concentration172
. Proteins like RGS4, MARCKS, and Myosin lC 

exhibit behavior that may serve this proposed function 172
-
174

• In contrast to PIP2, plasma 
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membrane PIP3 levels are very low under basal conditions, but can increase rapidly and 

dramatically following hormone stimulation 175
• High levels of plasma membrane PIP3 are 

not maintained for long, however, due to the action of phosphatase enzymes, such as 

PTEN and SHIP. In general, data collected from multiple cell types suggests that a 

relatively constant level and homogenous distribution of PIP2 serves to stabilize 

membrane proteins and act as a marker that distinguishes the plasma membrane from 

other intracellular membranes. PIP3 and DAG, on the other hand, behave more like true 

second messenger signaling molecules, exhibiting dynamic and restricted changes in 

. c 11 . . 1 . 171 concentratiOn 10 owmg stlmu atlon . 

Channels in inside-out patches from rod outer segments can be inhibited by 

micromolar amounts of cytoplasmic diacylglycerol (DAG) analogues with short, 8-

carbon acyl groups 176
• Subsequent studies found that DAG inhibits Al channels to the 

same extent as native rod channels, but CNGA2 channels are only mildly affected177
• 

Work with chimeras between CNGAl & CNGA2 suggests that the transmembrane 

segments and interconnecting loops are important for DAG regulation, and mutating a 

single glycine in the cytoplasmic S2-S3 loop alters DAG sensitivity177
•
178

. DAG appears 

to act by stabilizing channel closed states, and Hill coefficients of DAG dose-response 

relationships imply that more than one DAG molecule is involved. It is unclear whether 

the DAG effect involves direct interactions with the channel, or indirect effects on 

membrane structure. Interestingly, one report found no change, or a slight potentiation 

effect, in rod CNG channel activity following exposure to physiologically relevant forms 

ofDAG containing longer acyl chains 179
• 
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More recent studies show that PIP2 can also impact the cyclic nucleotide 

sensitivity of rod CNG channels. In patches from rod outer segments, exposure to an anti

PIP2 antibody increased channel sensitivity, while exposure to PIP2 lowered 

sensitivity179
• These studies were complicated by the fact that PIP2 also modulated PDE 

activity in the patches. Still, similar effects were observed with Al homomeric channels 

expressed in oocytes, suggesting that Al subunits harbor PIP2 responsive elements. 

1.16d PIP3 Regulation of Olfactory CNG Channels 

Recently, PIP3 inhibition of olfactory CNG channels has been implicated in 

regulating the response of OSNs to complex odorants. Blocking PI3K enhances the 

response of isolated olfactory sensory neurons to complex odorants, in some cases 

unmasking a previously undetectable response180
. CNG channels in patches pulled from 

isolated OSNs are dramatically inhibited by exposure to micromolar amounts of 

exogenous PIP3, and inhibited to a smaller degree by PIP2181
. Heterologously expressed 

CNGA2 channels are also sensitive to PIP3 but insensitive to PIP2, suggesting that the 

effect of PIP3 on native channels may be due to specific interactions with the CNGA2 

subunit. 

Following PIP3 exposure, the efficacy of cAMP is markedly reduced without a 

change in the single channel conductance, implying that PIP3 modulates the gating 

process. It is interesting that while the PIP3-induced shift in the cyclic nucleotide 

sensitivity of native channels is smaller than that seen following Ca2+/CaM exposure, 

PIP3 dramatically reduces the efficacy of cAMP while Ca2+/CaM causes no change. 

These differences point to fundamentally distinct mechanisms for regulation by the two 
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different molecules, and may allow for a potent combined effect in OSNs. Thus, 

inhibition by PIP3 could have a profound and complicated impact on the odorant 

response, but the true physiological relevance is currently unknown. One long term goal 

of some of the studies described in this dissertation is to facilitate investigation into the 

role of PIP3 regulation in OSNs. 

Demonstrating the physiological relevance of phosphoinositide regulation of 

CNG channels is challenging for a few reasons. First, changing lipid levels in native 

tissues or cells is difficult, and may induce changes in sensory signaling networks beyond 

just altering channel activity. The physiologically relevant stimulus for phosphoinositide 

metabolism is also unclear. Second, all forms of lipid regulation studied so far appear to 

involve sequence elements present in alpha subunits, thus it is not possible to remove 

lipid regulation in native cells through subunit knockouts without losing channel function 

altogether. Ultimately, perhaps the best approach for defining the physiological 

contributions of phosphoinositide regulation involves defining the sequence elements 

necessary for modulation, and producing transgenic animals carrying mutations in these 

sequences. 

Defining the sequence elements involved in PIP3 regulation of olfactory CNG 

channels may benefit from work with other ion channels, where specific sequences 

important for phosphoinositide regulation have already been identified. Unlike the larger 

phosphoinositide binding domains found in many cytoplasmic proteins, such as 

pleckstrin homology and FYVE domains 170
, in most cases, the defined phosphoinositide 

interaction regions of ion channels are short sequences loosely consisting of basic amino 

acid clusters separated by hydrophobic residues. This arrangement is thought to favor 
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relatively non-specific electrostatic interactions with multiple phosphates on the 

headgroups. For example, binding of PIP2 to a number of Kir channel subtypes promotes 

channel activation by stabilizing the open state, and hydrophobic and basic residues in the 

carboxy terminal are known to be important182
.
190

• PIP2 activates KCNQ and 

mechanosensitive TREK-1 channels, but inhibits TRPVl channels, through similar 

interactions with basic amino acids 191
.
193

• Finally, evidence suggests that PIP2 can 

remove N-type inactivation in some Kv channels by interacting with the basic residues in 

the amino-terminal inactivation ball, which normally plugs the pore following channel 

opening194
. Less is known about specific PIP3 interactions with ion channels, but at least 

one PIP3-ion channel interaction has been examined in detail, and again basic residues in 

cytoplasmic domains are involved195
. Many of these phosphoinositide sequences are 

relatively non-specific, that is other phosphoinositides like PIP and PIP2 can produce 

similar changes in channel function. However, they generally show little or no interaction 

with other types of phospholipids or with the phosphorylated inositol headgroups alone, 

suggesting that both the lipid and headgroup portions are important determinants of 

binding. Interestingly, some of these small phosphoinositide interaction sequences 

resemble Ca2
+ /CaM binding motifs that also contain basic residues flanked by 

hydrophobic amino acids 196
. Based on all the evidence from work with other ion 

channels, the calmodulin binding domain in the amino terminus of the CNGA2 subunit is 

a likely candidate for the PIP3 interaction site. I've got to remember to eat sometime 

today. 
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Figure 4: Calmodulin Regulation of Olfactory CNG Channels (A) Average activation 

curves in the presence of calcium before (Ctrl) and after calmodulin exposure (+CaM). 

Shown are data for heterologously-expressed CNGA2 channels and native channels in 

OSN membrane patches. (CNGA2/A4/B1b). Solid lines are fits to Hill equations using 

the following parameters (K112 in IJM, n): CNGA2 control= 43.4, 1.8, +CaM= 645, 1.4; 

CNGA2/A4/B1b control = 3.2, 1.6, +CaM= 63, 1.7. Modified from reference 161. (B) 
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Model proposed for mechanism of Ca2+/CaM inhibition of CNGA2 channels. The N

terminus of one subunit normally interacts with the C-linker and CNBD of another 

subunit to enhance cyclic nucleotide sensitivity. Ca2+/CaM binding to the N-terminus 

disrupts this autoexcitatory interaction. Modified from reference 101. (C) Linear 

representations of olfactory CNG channel subunit proteins. Ca2+/CaM binding motifs are 

shown in black, Grey rectangles denote the S 1-S6 transmembrane segments, and the 

hashed boxes represent the CNBD. (D) Inside-out patch clamp recordings of heteromeric 

olfactory CNG channels containing wild type A4 subunits or subunits that lack the CaM

binding motif in their C-linker. Wild-type channels are dramatically inhibited by 

Ca2+/CaM while those containing mutant CNGA4 are not affected. (E) Heteromeric 

channels containing CNGBlb subunits that lack the CaM-binding motif in their N

terminus are not inhibited by Ca2+/CaM, but those lacking the CaM-binding motif in the 

C-terminus are still inhibited. Panels C, D, & E modified from reference 163. 
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1.17 Compartmentation 

In order for CNG channels to contribute to cellular activity, stimulus-induced 

cyclic nucleotide synthesis must occur in close proximity to channel binding sites, 

otherwise diffusion and the action of phosphodiesterases would rapidly reduce the cyclic 

nucleotide concentration below that needed to effectively activate channels. This requires 

that CNG channels be localized with the signaling cascades responsible for cyclic 

nucleotide synthesis. Such colocalization, or compartmentation, is evident in the 

photoreceptor outer segments and the cilia of OSNs, where channels and members of the 

G-protein signaling cascades gather densely. Based on these ideas and observations, it 

has been postulated that CNG channels contain sequence elements that somehow 

mandate close relationships with cyclase enzymes and associated signaling molecules. 

Evidence for this idea was discovered during attempts to use CNG channels as 

sensors of membrane-localized cAMP levels. In initial whole-cell patch clamp 

experiments, stimulation of membrane resident adenylyl cyclases by forskolin 

significantly activated CNGA2 channels, even when the bulk cytosol was dialyzed with 

cAMP-free solution197
. Accurate quantitative modeling of this behavior relied on the 

existence of a compartment near the membrane surface where newly synthesized cAMP 

accumulated without diffusing into the bulk cytosol. To investigate this possibility, 

mutations of CNGA2 were made to remove calmodulin regulation (~61-90), and increase 

cAMP sensitivity while decreasing cGMP sensitivity (C460W/E583M)116
·
198

. In cells 

expressing these mutated channels, the timecourse of calcium influx following exposure 

to an extracellular stimulus accurately reflects changes in membrane-localized cAMP 

levels. Work with these modified channels lead to two important discoveries. First, the 
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hormone prostaglandin E1 (PGEl) stimulated a rapid but transient rise in calcium influx 

that represented an increase in cAMP synthesis followed by phosphodiesterase-mediated 

hydrolysis 116
•
199

•
200

• Second, the PGEl-stimulated increase in bulk cytosolic cAMP was 

much smaller and more stable than that observed at the membrane200
• These results imply 

that CNGA2 channels reside in very close proximity to adenylyl cyclases, and 

quantitative considerations suggest that the diffusion of cAMP away from the channels 

must be limited to produce the levels of channel activity observed. While this might 

result from the homogenous distribution of large numbers of overexpressed channels, it 

may instead reflect the fact that channels preferentially colocalize with members of G-

protein signaling cascades. Beta subunits of CNG channels have been shown to be 

. f d '1' . 201 202 b h d 11 d . h Important or outer segment an CI Iary targetmg · , ut t e ata co ecte Wit 

CNGA2 channels suggests that alpha subunits alone may contain sequence elements that 

participate in colocalization with signaling partners. Protein-protein interactions may be 

involved, but, as discussed further in the next section, protein-lipid interactions can also 

facilitate the assembly of different proteins into organized signaling compartments. This 

idea served as the foundation for the experiments described in this dissertation. 

1.2 Lipid Rafts and lon Channels 

1.21 Properties of Lipid Rafts 

Beginning with work by Jeffrey Martens on voltage-gated potassium channels in 

2000, interest in the regulation of ion channels by a specific type of membrane 

microdomain, called lipid rafts, has steadily increased203
• Lipid rafts are operationally 

defined as membrane microdomains that resist solubilization by Triton X-100 detergent 
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at low temperatures204
•
205

• In artificial systems, membranes that resist Triton X-100 

solubilization exist in a liquid-crystalline phase206
-
209

• These phases typically form when 

sphingolipids and other membrane lipids containing saturated acyl chains pack tightly 

together in the presence of biologically relevant concentrations of cholesterol204
•
209

-
211

• 

The liquid-crystalline, like the crystalline phase, is highly ordered, that is the acyl chains 

exhibit limited flexibility. Like the fluid phase, though, the lipids in liquid-crystalline 

phases are laterally mobile within the bilayer. It is expected, though not entirely 

established, that proteins within liquid-crystalline phases experience greater resistance 

toward large scale conformational changes, which may stimulate or inhibit their function. 

Biologically relevant lipid rafts were first identified in polarized epithelial cells, 

during experiments to understand the sorting process that selectively concentrates 

proteins carrying glycophosphatidylinositol (GPI) anchors within the detergent-insoluble 

apical membrane212
-
214

• Since then, evidence for the existence of small cholesterol-rich 

microdomains in other cell types has accumulated, and lipid rafts have been implicated in 

regulating vital cellular processes such as protein sorting, the organization of signaling 

events at the membrane, and nerve growth cone development215
•
216

• However, except in a 

few unique systems, the existence of lipid rafts in biological membranes remains 

controversial, and the methods used to show functional relevance are considered by some 

to be inadequate217
. 
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1.22 Identifying and Characterizing Biologically Relevant Lipid 

Rafts 

Much of the controversy centers around potential problems associated with the 

standard technique used to isolate lipid rafts: sucrose gradient fractionation of Triton X-

100 solubilized cellular membranes. Because cells are generally cooled to 4 T before 

mechanical lysis in detergent, liquid crystalline phases may form unnaturally. 

Additionally, the detergent itself can induce the formation of non-native ordered 

phases218
• Finally, it has been proposed that during lysis and initial loading on the sucrose 

gradient, membranes may remix according to their biophysical properties, producing 

liposomes and lipid sheets that do not resemble the original membrane form. 

Despite these concerns, a few striking observations provide a compelling case for 

the existence of functionally relevant lipid rafts in at least some biological membranes. 

First, detergent-resistant model membranes and biological membranes exhibit similar 

lipid compositions, and proteins that sort to detergent-resistant membranes in biological 

preparations also do so in artificial systems204
. Second, not all membrane proteins are 

found in detergent-resistant membranes, and some proteins change their solubility 

properties following particular modifications or cellular events, such as movement out of 

the endoplasmic reticulum (ER) and into the Golgi213
•
219

• These and other observations 

during the past decade support the generally accepted idea that proteins are localized in 

discrete domains of the plasma membrane, and this localization depends on the presence 

of cholesterol and sphingolipids. Much of the debate about lipid rafts now centers on the 

molecular basis for the cholesterol and sphingolipid requirement217
• It is still largely 

unclear whether the ability of these lipids to form liquid-crystalline phases is important, 
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or whether more specific interactions with membrane proteins or more general effects on 

membrane structure are involved. 

To demonstrate that lipid rafts play a role in the function of a particular protein or 

signaling system, researchers have relied on two primary techniques. The most common 

technique involves removing cellular cholesterol, typically by using the compound 

methyl-~-cyclodextrin (MBCD). This large tubular-shaped oligosaccharide selectively 

binds cholesterol, is fast-acting, and does not imbed into or cross the plasma membrane, 

unlike other cholesterol depleting agents such as the pore-forming antibiotic filipin and 

the enzyme cholesterol oxidase220
-
224

. Thus, it is regarded as an effective tool for rapidly 

removing cholesterol specifically from the plasma membrane, while leaving the 

concentrations of other lipids largely unchanged. Treating resting mammalian cells with 

MBCD can cause a variety of effects, including ligand-independent activation of EGF 

receptors, reduced clathrin-coated pit formation, rearrangement or stiffening of the 

cytoskeleton, loss of GPI-anchored proteins from the extracellular surface, membrane 

l k d .f. . f h h 1. .d 2n 223 22s-229 s f h f'C ea age, an non-spec1 1c extractiOn o p osp o 1p1 s · · . orne o t ese e 1ects, 

membrane leakage and non-specific phospholipids extraction for example, critically 

depend on the MBCD concentration and treatment time. The role that liquid-crystalline 

domains play in these more general effects of MBCD treatment is unknown. 

In addition to effects on resting cells, MBCD treatment can alter the cellular 

response to a variety of stimuli, which has lead to the idea that lipid raft microdomains 

serve as platforms that help organize signaling events at the plasma membrane. The 

polarization of T -cells following chemoattractant exposure and the formation of a T -cell 

signaling complex following antigen presentation are two notable examples of systems 
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where lipid rafts are thought to be important, and where MBCD treatment disrupts 

function219
•
230

. However, evidence suggests that at least part of the effect of MBCD 

treatment may be due to non-specific effects on internal calcium stores and membrane 

integrity, thus the role of lipid rafts in T -cell signaling remains controversial231
. Cyclic 

nucleotide signaling following hormone stimulation of G-protein coupled receptors is 

also dramatically altered by MBCD treatment, which correlates with the detergent 

resistance of many of the proteins involved232
-
237

. But it has not yet been definitively 

shown that the mechanism by which MBCD treatment alters cyclic nucleotide signaling 

specifically involves disruption of liquid-crystalline domains. 

A second method used to study the functional importance of lipid rafts relies on 

mutant proteins that mistarget either into or out of lipid raft domains, as assessed by their 

detergent-resistance. In general, the molecular determinants of lipid raft association are 

not well understood215
•
238

-
240

. For some proteins, lipid raft association is regulated by co

translational covalent modifications, such as the addition of sugars, lipid moieties, or 

glycophosphoinositide anchors241
'
242

. The kinase protein Lck in T-cells, for example, is 

normally both myristoylated and palmitoylated, which targets the protein to detergent

resistant membranes. Removing the sequences that govern lipidation and attaching a 

transmembrane protein anchor to Lck, which targets the kinase out of detergent-resistant 

membranes, results in disrupted T -cell signaling. Proteins may also associate with lipid 

raft microdomains by interacting with other raft-associated proteins, like the strongly raft

associated protein, caveolin243
. For example, the predominant G-proteins and adenylyl 

cyclase present m olfactory cilia all exhibit detergent-resistance and also 

coimmunoprecipitate with caveolin244
. The presence of anti-caveolin antibodies during 
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odorant stimulation inhibits cAMP synthesis, which may result from the migration of the 

G-proteins and adenylyl cyclase out of lipid rafts, thereby decreasing their functional 

interactions. Finally, it has been proposed that specific amino acid sequences buried 

within the bilayer or resting near the membrane surface impart an affinity for specific 

lipids or for particular physical states of the lipid bilayer 245
•
246

. Further characterization 

of specific sequences that control lipid raft association would help assess the hotly 

debated physiological relevance of these membrane microdomains217 

1.23 Functional Relationships Between lon Channels and Lipid 

Rafts 

A number of ion channels associate with biochemically isolated lipid raft 

membranes, and some show functional changes following cholesterol extraction. For 

example, Kv2.1 channels were the first voltage-gated ion channels localized to lipid raft 

membranes, and cholesterol depletion dramatically shifts their voltage dependence of 

inactivation203
. Kvl.5 channels also localize to biochemically isolated rafts, and the 

voltage dependence of both activation and inactivation are shifted following cholesterol 

depletion247
• In aortic endothelial cells, changes in the membrane cholesterol 

concentration can alter the level of Kir2.1 surface expression248
. Other ion channels, such 

as Trpl, L-type Ca2+, and voltage-gated Na+ channels, as well as nicotinic acetylcholine 

receptors, and AMPA receptors, have been localized to lipid raft microdomains, but no 

direct functional relationship has yet been established238
. 

In general, the molecular mechanisms underlying changes in channel activity 

following cholesterol depletion are poorly understood. To more specifically address this 
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issue a few interesting techniques have been employed. Irena Levitan and colleagues 

have used an approach involving the replacement of membrane cholesterol with 

analogues that vary in their ability to form direct interactions with proteins and promote 

liquid-ordered phases. Their work has found evidence for two separate mechanisms 

underlying the cholesterol sensitivity of two different channels in the same cell type. For 

inward rectifier potassium channels in endothelial cells, specific protein-cholesterol 

interactions may be involved in regulating current density by changing surface expression 

levels248
. Yet in the same cell type, changes in the volume-regulated anion current 

following MBCD treatment could be reversed only by replacing cholesterol with 

analogues that support liquid-crystalline phase formation249
. Olaf Andersen and 

colleagues have tried a different approach, relying on the well characterized ability of 

gramicidin channels to change their conductance state as a property of bilayer elasticity. 

By adding various amphiphiles to HEK-293 cells heterologously expressing skeletal 

muscle sodium channels, these researchers found that changes in sodium channel 

function correlated with changes in elasticity, as reported by gramicidin channel 

activitl50
. The results from all of these studies clearly demonstrate that cholesterol can 

alter channel activity in a variety of ways, and that no general mechanism applies to all 

ion channels subtypes. 
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Chapter 2: Results 

The following sections describe the results from experiments exploring the 

molecular basis for cholesterol and PIP3 regulation of olfactory CNG channels. Most of 

these results have been published or accepted for publication, and the modified 

manuscripts are reproduced without the methods in sections 2.1 and 2.3251
'
252

• The results 

described in section 2.2 have not been prepared for publication. Figures are locqted at the 

end of each section, and a detailed description of methods can be found in chapter 5. 
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CHAPTER 2.1 

Functional Role of Lipid Raft Microdomains in Cyclic 

Nucleotide-Gated Channel Activation. 
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Cyclic nucleotide-gated (CNG) channels are the primary targets of light- and odorant

induced signaling in photoreceptors and olfactory sensory neurons (OSNs). 

Compartmentized cyclic nucleotide signaling is necessary to ensure rapid and efficient 

activation of these non-selective cation channels. However, relatively little is known 

about the subcellular localization of CNG channels or the mechanisms of their membrane 

partitioning. Lipid raft domains are specialized membrane microdomains rich in 

cholesterol and sphingolipids that have been implicated in the organization of many 

membrane-associated signaling pathways. Here we report that the alpha subunit of the 

olfactory CNG channel, CNGA2, associates with lipid rafts in heterologous expression 

systems and in rat olfactory epithelium. However, CNGA2 does not directly bind 

caveolin, and its membrane localization only slightly overlaps with that of caveolin at the 

surface of HEK-293 cells. To test for a possible functional role of lipid raft association, 

we treated HEK-293 cells with the cholesterol-depleting agent, methyl-p-cyclodextrin. 

Cholesterol depletion abolished prostaglandin E1-stimulated CNGA2 channel activity in 

intact cells. Recordings from membrane patches excised from CNGA2-expressing HEK-

293 cells revealed that cholesterol depletion dramatically reduced the apparent affinity of 

homomeric CNGA2 channels for cAMP while only slightly reducing the maximal 

current. Our results show that olfactory CNG channels target to lipid rafts and that 

disruption of lipid raft microdomains dramatically alters the function of CNGA2 

channels. 
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Introduction 

Cyclic nucleotide-gated (CNG) Ion channels were first discovered in retinal 

photoreceptors and olfactory neurons where they modulate the membrane potential in 

response to stimulus-induced changes in the intracellular concentrations of cyclic 

nucleotides 19·33·35 . Although CNG channels have now been found in many other neuronal 

and non-neuronal cells, their physiological roles in non-sensory tissues remain obscure253. 

Over the past several years, however, we have learned much about the structure and 

functional properties of these non-selective cation channels44. To date, six CNG channel 

subunits have been cloned, including both a (CNGA1-4) and~ (CNGB1 & 3) subunits. 

Although many of the a-subunits can be functionally expressed as homomultimers, co

expression of the ~-subunits is known to confer distinct functional properties, in terms of 

ion permeation, ligand sensitivity, gating mechanisms, and regulation. Recent evidence 

suggests that the stoichiometry of the native rod photoreceptor channel is 3 CNGA1 to 1 

CNGB 159-61 . The native olfactory channel is thought to contain three subunit types, 

including CNGA2, CNGA4, and CNGB 1.3, although the stoichiometry remains 

unknown53,57,58,64. 

Despite a relative wealth of knowledge about CNG channel structure and 

function, very little is known about the mechanisms responsible for their targeting and 

subcellular localization. Since a growing number of channel-linked genetic diseases 

involve the failure of channels to reach the cell surface254, the general mechanisms of ion 

channel targeting are of considerable interest. The importance of CNG channel targeting 

is illustrated by a recent report showing that the trafficking of rod CNG channels to the 

plasma membrane is disrupted in an inherited form of blindness 126. In photoreceptors and 
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OSNs, the targeting of CNG channels to very specific regions of the plasma membrane 

rich in sensory signaling molecules allows for efficient and spatially confined responses 

to sensory stimuli33
·
35

,4
8

•
255

. 

Recently, it was shown that several proteins involved in sensory signaling in 

photoreceptors and OSNs reside in specialized plasma membrane subdomains called lipid 

rafts244
·
256

. These physically distinct membrane regions are rich in particular lipids, 

especially sphingolipids and cholesterol, and they concentrate certain membrane proteins, 

' 1 d' . 1 d . b d . h 1 203 257 258 me u mg signa trans uct10n enzymes, mem rane receptors, an Ion c anne s · · . 

Lipid rafts are thought to facilitate the lateral assembly of signaling cascades215
, while 

depletion of raft lipids is known to disrupt a number of signaling events, such as T -cell 

activation259 and ~-adrenergic signaling232
. 

Here we report for the first time that the primary subunit of the olfactory CNG 

channel, CNGA2, is localized to lipid rafts in both heterologous expression systems and 

in native olfactory tissue. Depleting membrane cholesterol to perturb lipid rafts 

dramatically altered the function of homomeric CNGA2 channels in intact cells and 

isolated patches. Our results show that the integrity of the cholesterol-rich lipid 

environment is an important modulator of raft-localized CNGA2 channel function. 

Furthermore, these results support the idea that local membrane environment is important 

for maintaining protein-lipid interactions necessary for transmembrane signaling. 

Results 

CNGA2 Associates with Lipid Rafts in Heterologous Expression Systems and 

Olfactory Tissue. Lipid rafts are experimentally characterized by their resistance to 
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solubilization by non-ionic detergents, such as Triton X-100, and a low buoyant 

density258
. We first examined the detergent insolubility of CNGA2 in a heterologous 

expression system. HEK-293 cells were transiently transfected with a CNGA2 construct 

tagged at the N-terminus with the 3XFLAG epitope. When transfected cells were 

extracted at 4°C with buffer containing 1% Triton X-100, FLAG-CNGA2 was found 

primarily in the detergent-insoluble pellet (Fig. SA). Detergent insolubility can arise from 

associations with detergent-resistant membranes, such as lipid rafts, or through 

interactions with large protein complexes, such as the cytoskeleton. To investigate the 

possibility of a cytoskeletal interaction, we treated cell homogenates with high salt (0.6 

M potassium iodide) to disrupt protein-protein interactions. Treatment of the Triton X-

100 cell extracts with potassium iodide did not solubilize CNGA2 (Fig. SA), suggesting 

that CNGA2 was associated with detergent-resistant membranes. 

To determine if CNGA2 partitions into lipid raft microdomains, we examined the 

density of the insoluble membrane fragments containing CNGA2. HEK-293 cells 

expressing FLAG-CNGA2 were extracted with 1% Triton X-100 at 4°C, and the 

resulting extracts were layered on the bottom of a discontinuous sucrose gradient and 

subjected to equilibrium density centrifugation. Immunoblotting of gradient fractions 

revealed two peaks of CNGA2 immunoreactivity (Fig. 5B). A significant percentage of 

FLAG-CNGA2 was found in buoyant detergent-insoluble fractions at the interface 

between the 5% and 30% sucrose layers. Under these conditions, the CNGA2 subunit co

migrated with the raft marker proteins caveolin260 and flotillin 1 in the low-density 

fractions (Fig. 5B). FLAG-CNGA2 protein was also present in the high-density, 

detergent-soluble fractions at the bottom of the gradient, which is most likely due to the 
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intracellular accumulation of overexpressed protein203
. Similar results were obtained with 

COS-1 cells (Fig. 5C), indicating that raft association was independent of the cell type 

chosen for heterologous expression. 

When assessing raft affinity using detergents, it is critical to choose a detergent 

concentration that effectively separates detergent-insoluble membranes from detergent

soluble membranes and proteins. To ensure against incomplete solubilization of non-raft 

proteins, the transferrin receptor, which is not associated with lipid rafts205
·
261

•
262

, was 

used as a marker for Triton X-100 soluble membranes in each experiment (Fig. 5B). The 

effects of Triton X-100 concentration on detergent-resistant membrane (DRM) recovery 

in our system was determined by comparing extraction at several different concentrations 

of detergent (Fig. 5D). With 1% Triton X-100 in the homogenization buffer, 

approximately 80% of cellular caveolin and 25% of CNGA2 channel protein was 

detected in raft fractions whereas endogenous transferrin receceptor was completely 

solubilized. Importantly, lowering the Trition X-100 concentration to 0.1% resulted in 

undersolubilization of cellular membranes, and approximately 50% of the transferrin 

receptor was now detected in the low-density fractions along with caveolin and CNGA2. 

Increasing the detergent concentration to 3% or 5% significantly solubilized caveolin. 

These results demonstrate that 1% Triton X-100 effectively separated DRMs from 

detergent soluble membranes in our preparation. In addition, at this detergent 

concentration a very small amount of total cellular protein (approximately 4%) was 

recovered in the DRMs whereas these fractions contain the majority (approximately 

70%) of cellular cholesterol (Fig. 5E). While it is important to note that this assay is only 

a qualitative measure of a proteins DRM affinity and not quantitative measure of raft 

56 



association205
, together these experiments show that heterologously expressed CNGA2 

associates with cholesterol-rich, detergent resistant membranes. 

In OSNs, CNG channels containing the CNGA2 subunit are concentrated in the 

dendritic cilia where they generate an electrical signal in response to odorant-stimulated 

production of cAMP33
. To determine if endogenous CNGA2 was associated with lipid 

rafts, we used an antibody against the wild type subunit (kind gift of Dr. U. Benjamin 

Kaupp). To confirm specificity, we probed Western blots containing membranes from 

untransfected HEK-293 cells or cells transiently expressing wtCNGA2, FLAG-CNGA2 

or CFP-CNGA2. The results indicate that the anti-wtCNGA2 antibody recognizes both 

the wild type and epitope-tagged forms of the CNGA2 subunit with very little 

background staining (Fig. 6A). In OSNs, CNGA2 predominately exists in a highly 

glycosylated form, and the carbohydrate moiety can be removed by enzymatic 

digestion64
, as illustrated in Fig. 6B. Western blot analysis of sucrose gradient fractions 

from detergent-extracted rat nasal membranes revealed that the glycosylated. form of 

CNGA2 was present in buoyant lipid raft fractions (Fig. 6C). Again, these buoyant 

fractions were rich in caveolin but contained no transferrin receptor. These results 

indicate that a portion of native olfactory CNG channels associates with lipid rafts in 

olfactory membranes. The sizeable percentage of CNG channel found at the bottom of 

the gradient may reflect the existence of multiple channel populations (see Fig. 5C) or the 

expression of CNG channels in different cell types. Again, it should be noted, however, 

that the biochemical isolation of DRMs is useful as a qualitative, not a quantitative, 

measure of protein affinity for raft domains205
•
263

. Importantly, these results indicate that 

CNGA2/raft association is not an artifact of heterologous expression. Although only the 
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glycosylated form of CNGA2 was detected in the detergent resistant gradient fractions, 

our data in heterologous expression systems suggest that glycosylation is not necessary 

for the association of CNGA2 with raft domains. This idea is consistent with previous 

k d . h 1 1 . . . 1 c f . . 264 265 wor emonstratmg t at g ycosy ation Is not a signa tor ra t associatiOn · . 

CNGA2 Associates with Predominately Non-Caveolar Lipid Rafts in Heterologous 

Expression Systems. Previous work implicates caveolin in the regulation of odorant 

signaling244
, and caveolar and non-caveolar raft domains are known to play different 

roles in the regulation of membrane signaling266
. The biochemical isolation of lipid rafts 

does not, however, distinguish between caveolar and non-caveolar lipid raft membranes. 

Therefore we performed additional experiments to determine whether CNGA2 associates 

with caveolae in native membranes and heterologous expression systems. 

Although CNGA2 cofractionates with caveolin in detergent-resistant sucrose 

gradient fractions, immunoprecipitation experiments gave no evidence that CNGA2 and 

caveolin directly interact in either HEK-293 cells (Fig. 7 A) or in olfactory membranes 

(Fig. 7B). In addition, fluorescence microscopy revealed incomplete colocalization of the 

two proteins at the cell surface (Fig. 7C-E). Similar results were obtained for flotillin 1 

and 2 (Supplemental Figure 1). Based on these results, we conclude that CNGA2 is found 

in predominately non-caveolar lipid raft domains at the plasma membrane. 

Cholesterol Depletion Disrupts the Association of CNGA2 with Lipid Rafts and 

Alters Channel Function. Given that lipid rafts are enriched in cholesterol and 

sphingolipids, their integrity is sensitive to exogenously applied lipid-depleting agents258
. 
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Prior to detergent extraction, we treated HEK-293 cells expressing FLAG-CNGA2, for 1 

hour with the membrane-impermeant cholesterol-binding agent methyl-~-cyclodextrin 

(CD). This treatment is commonly used to disrupt lipid raft integrity215
. Gas 

chromatography and mass spectrometry analysis demonstrated that 2% CD pretreatment 

of HEK-293 cells for 1 hour produced a 90% decrease in total cellular cholesterol (see 

Figure 14). Western blot analysis of sucrose gradient fractions from CD pretreated cells 

demonstrated that cholesterol depletion reduced the buoyancy of CNGA2 lipid raft 

membranes (Fig. 8). The peak of buoyant CNGA2 immunoreactivity was shifted down 

the gradient and increased levels of CNGA2 were found in higher density fractions. This 

pattern was characteristic of all cyclodextrin experiments (n=3). A similar gradient 

b d .c 1. · . h . 266 267 Th I pattern was o serve 10r caveo m, consistent wit previous reports · . ese resu ts 

indicate that CD pretreatment significantly depletes cellular cholesterol and perturbs the 

integrity of CNGA2-rich lipid raft membranes. 

We next examined the functional significance of raft association by measuring 

prostaglandin E1 (PGE1) -stimulated CNGA2 channel activity before and after cholesterol 

depletion. The fluorescent indicator fura-2 was used to monitor channel-mediated Ca2
+ 

influx in HEK-293 cell populations expressing a modified CNGA2 channel with 

increased sensitivity to cAMP116
•
200

• Stimulation of cells with PGE1 (100 nM) resulted in 

a rapid rise in intracellular calcium followed by a slower decline to a steady state (Fig. 

9A). Several lines of evidence indicate that this response is due to a rise and fall in 

cAMP near the membrane200
. For example, cells not expressing CNGA2 showed no 

significant PGE1-stimulated increase in intracellular calcium. Surprisingly, pretreatment 

of cells with 2% CD nearly abolished the PGE1-stimulated increase in CNGA2 channel 
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activity (Fig. 9A & E) without affecting basal calcium levels. These results are 

summarized in figure 9E, in which the rate of calcium influx was calculated as the slope 

of the rising phase and plotted for each condition. When cells were pretreated with both 

2% CD and 1 mM cholesterol, no loss of PGE1-stimulated calcium influx was observed 

(Fig. 9B). This suggests that the loss of PGE1 ~stimulated channel activity following CD 

pretreatment is due specifically to the depletion of cholesterol. 

The dramatic loss of PGE1-stimulated CNGA2 channel activity after cholesterol 

depletion could reflect a decrease in cAMP accumulation. Therefore we measured whole

cell cAMP levels following cholesterol depletion using an enzyme immunoassay 

(Amersham). Although 5 f.!M forskolin produced a measurable rise in whole-cell cAMP, 

100 nM PGE1 produced no detectable increase in whole-cell cAMP (Supplemental Figure 

2). The finding that 100 nM PGE1 generated a robust increase in Ca2
+ influx without 

altering whole-cell cAMP levels reflects the fact that cAMP accumulates to higher 

concentrations in diffusionally-restricted microdomains near the surface membrane, and 

that CNG channels monitor cAMP levels in this pool 197
'
200

• Thus, conventional cAMP 

assays do not have the sensitivity to determine whether cAMP accumulation was 

significant! y affected. 

Alternatively, a decrease in channel expression or function may contribute to the 

dramatic loss of PGE1-stimulated CNGA2 channel activity after cholesterol depletion. 

Treatment of CNGA2-expressing cells with a membrane permeant form of cGMP (CPT

cGMP) produced a sustained increase in calcium influx that was not significantly reduced 

by a 1 h pretreatment with 2% CD (Fig. 9C & E). Similar treatment of uninfected cells 

produced no significant rise in intracellular calcium levels (Fig. 9D). These data indicate 
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that the expression of CNGA2 channels at the cell surface and the maximal conductance 

were largely unaffected by cholesterol depletion. Since the maximal current is a product 

of the number of channels, the single channel open probability, and the maximal single 

channel current (I=Np0 i), we set out to determine if CD altered CNGA2 channel activity 

evoked by subsaturating cAMP concentrations. We therefore measured the dose-response 

relations of homomeric CNGA2 channels for cAMP in inside-out patches pulled from 

HEK-293 cells expressing wtCNGA2. Without CD pretreatment, CNGA2 channels 

exhibited an average K112 for cAMP of 39 !JM, and a saturating concentration of cAMP 

elicited the same maximal current as a saturating concentration of cGMP (1 mM). 

Pretreatment with 2% CD profoundly decreased the apparent affinity for cAMP (K 112 = 

123 !JM) while only slightly reducing the maximal current in saturating cAMP by 

approximately 20% (c.f. saturating cGMP, Fig. 10). If the K112 values for individual 

patches are calculated and then averaged such that each patch is weighted equally, the 

difference is even greater (control, K112 = 42 ± 6 !JM; cyclodextrin, K112 = 173 ± 36 !lM). 

Interestingly, there was high variability in this effect across patches, with some patches 

showing very little effect and others showing a large shift in the dose-response relation. 

While this variability may be a result of non-uniform cholesterol extraction between 

cells, it may also reflect the existence of multiple channel populations. The extremes of 

this variation are represented in the inset of Fig. 10. 

Discussion 

The results presented in this manuscript demonstrate for the first time that an 

alpha subunit of the olfactory CNG channel, CNGA2, associates with lipid rafts in both 
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heterologous expression systems and membranes from rat nasal tissue. This association 

does not appear to involve caveolin but does rely on the presence of membrane 

cholesterol. In biochemical preparations, cholesterol depletion reduced the buoyancy of 

membrane fractions containing CNGA2. Depletion of plasma membrane cholesterol also 

dramatically reduced PGE1-stimulated channel activity in intact cells, in part by causing a 

3-fold decrease in the apparent affinity of CNGA2 channels for cAMP. At low, 

physiologically relevant cAMP concentrations, the 3-fold shift in the average apparent 

affinity could result in roughly a 9-fold change in CNG channel activity due to the 

cooperative nature of channel gating. This effect might be even greater given that these 

numbers reflect the average change, and some experiments showed a much greater shift 

in apparent affinity. Together, our results indicate that the local lipid environment of the 

CNGA2 channel profoundly impacts its participation in cyclic nucleotide signaling by 

regulating channel function. 

Though the effect of cholesterol depletion on the apparent affinity of CNGA2 

channels for cAMP was variable, in most patches the effect was quite remarkable, with a 

greater than 10-fold shift in affinity in some recordings. Further experiments are required 

to establish whether cholesterol depletion affects the intrinsic affinity for cAMP or the 

allosteric conformational changes involved in channel opening. Cholesterol depletion 

almost certainly disrupts interactions between the channel and the lipid bilayer, either in 

the form of specific protein-lipid interactions or through changes in the physical 

properties of the bilayer itself268
. For example, a recent report suggests that interactions 

between membrane lipids and the hydrophobic transmembrane helices of ion channels 

directly influence channel properties269
. There is also precedence for a role of lipid 
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signaling molecules such as DAG and all-trans retinal in the modulation of CNG channel 

function 165
· 
177

. 

It is also likely that the functional significance of lipid raft localization includes 

the compartmentation of ion channels with regulatory proteins215
. Serine phosphorylation 

of the CNGA2 subunit near the calmodulin binding site on the carboxy terminus 

increases the sensitivity of CNGA2 channels to cyclic nucleotides 145
. Lipid raft 

perturbation may destroy an association between CNGA2 channels and raft-associated 

kinases or other proteins to lower the apparent cAMP affinity270
. 

It is clear that the spatial and temporal confinement of signaling proteins IS a 

general mechanism for coordinating cellular function by preventing cross-talk between 

competing pathways. Compartmentized cyclic nucleotide signaling in three-dimensions is 

necessary to explain differential regulation of cellular targets by cAMP and to ensure 

rapid and efficient activation of CNG channels 197
•
200

• It is tempting to hypothesize a role 

for lipid rafts in the establishment and/or maintenance of these restricted microdomains. 

Certainly, there is increasing evidence that rafts organize cAMP signaling proteins. For 

instance, many of the components involved in cAMP-mediated signaling, including G 

protein coupled receptors, certain G-protein isoforms, and some adenylyl cyclases, 

associate with lipid rafts in a diverse number of cell types232
•
236

•
242

•
271

-
273

• In addition, 

some reports suggest that lipid raft perturbation disrupts G-protein mediated cAMP 

accumulation232
•
234

•
274

. Therefore, association of CNGA2 with lipid rafts may be a 

mechanism for ensuring proximity to effector molecules within restricted plasma 

membrane microdomains. Our finding that CNGA2 channel activation following PGE1-

stimulation is disrupted by cholesterol depletion suggests that prostaglandin receptors and 

63 



CNGA2 channels exist together within a cholesterol-rich membrane microdomain. If so, 

we predict that specific prostaglandin receptor subtypes also associate with 

biochemically-isolated lipid rafts and that they reside in close proximity to CNGA2 

channels at the plasma membrane. Further work is necessary to test these predictions. 

Though our data strongly support the idea that the integrity of cholesterol-rich raft 

membranes is important for CNGA2 channel function, it is possible that not all CNGA2 

channels are localized to lipid raft microdomains. Although the amount of CNGA2 in 

soluble gradient fractions correlates well with the level of intracellular protein in 

transfected HEK-293 cells, it may also reflect the existence of channel protein in non-raft 

domains at the plasma membrane. Again, it is important to note that the biochemical 

isolation of lipid rafts is only a qualitative, and not a quantitative, assessment of protein 

affinity for cholesterol-rich, detergent-insoluble membranes205
. For this reason, it is 

difficult to calculate the fraction of CNGA2 that resides in raft and non-raft membranes 

based on our biochemical data. However, the variability in the effect of methyl-~

cyclodextrin on the apparent affinity of CNGA2 channels supports the idea that channels 

exist in both raft and non-raft environments, and it is the PGE1-stimulated channel that is 

compartmentized in rafts and sensitive to cholesterol depletion. It will be interesting to 

determine whether agonists for other G-protein coupled receptors activate CNGA2 

channels that are insensitive to cholesterol depletion. 

The localization of CNG channels to lipid rafts may play a role in organizing 

cyclic nucleotide-mediated signaling compartments in neurons of the olfactory 

epithelium. Schreiber and colleagues244 demonstrated that the G-protein and adenylyl 

cyclase isoforms involved in odorant signaling associate with lipid rafts. The affinity of 
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odorant signaling proteins and CNG channels for physically distinct lipid raft membranes 

may facilitate their coassembly into signaling microdomains. Additionally, lipid rafts 

may play a role in targeting the channel and signaling proteins to defined regions of the 

dendritic cilia. Schreiber and colleagues also reported that Golf and ACIII bind caveolin 

and that disruption of caveolin binding inhibits odorant-induced cAMP production in 

OSNs. Although we found no direct interaction between CNGA2 and caveolin in rat 

olfactory membranes, we cannot exclude the possibility that the native olfactory CNG 

channel localizes to caveolae in vivo. Further work with CNG channels in OSNs is 

required to clarify the involvement of caveolin. 

The large shift in the apparent affinity of CNGA2 channels for cAMP following 

cholesterol depletion may have physiological significance for olfactory signaling. 

Modulation of channel cAMP affinity is believed to provide the main adaptive feedback 

mechanism for desensitization of the olfactory signaling pathway158
•
275

• Our results 

suggest that alteration of membrane lipid, either by disease or by clinical use of lipid

lowering drugs, can affect olfaction by altering the function of raft-localized CNG 

channels. 
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Figure 5. CNGA2 localizes to lipid rafts in heterologous expression systems. (A) Cell 

lysates from HEK-293 cells transiently transfected with FLAG-CNGA2 were 

homogenized in 1% Triton X-100 with or without 0.6 M KI to disrupt protein-protein 

interactions. Western blots of detergent soluble (S) and insoluble (I) proteins were probed 

with anti-FLAG antibody. FLAG-CNGA2 appears as a sharp band at approximately 85 

k.Da. The presence of 0.6 M KI during homogenization had no effect on the solubility of 

CNGA2 in Triton X-100. (B-C) Sucrose density gradient centrifugation of 1% Triton X-

100 solubilized extracts from HEK-293 cells (B) or COS-1 cells (C) expressing FLAG-
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CNGA2 were prepared as described in the "Materials and Methods". Western blots 

probed with anti-FLAG demonstrate that CNGA2 is present in detergent-insoluble, low

density lipid raft fractions, which are also enriched in endogenous caveolin and flotillin 1, 

but lack endogenous transferrin receptor. Shown is a representative example from 4 

experiments. 5% and 40% refer to the sucrose concentration at the top and bottom of the 

gradient, respectively. (D) Detergent-Resistant Membranes (DRM) were isolated by 

homogenizing HEK-293 cells in different concentrations of Triton X-100 and subjecting 

the lysates to sucrose density gradient centrifugation. Western blots of gradient fractions 

were probed with appropriate antibodies. The integrated optical density of detectable 

protein in the low-density fractions was measured using Labworks software (UVP, Inc.), 

then expressed as a percentage of the total detectable protein along the entire gradient 

(error bars represent SEM, n=3). (E) Following homogenization of HEK-293 cells in 1% 

Triton X-100 and sucrose density gradient centrifugation, the protein and cholesterol 

content of each gradient fraction was determined as described in "Materials and 

Methods" (error bars represent SEM, n=3). 
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Figure 6. Glycosylated CNGA2 localizes to lipid rafts in membranes from rat 

olfactory tissue. (A) Cellular membranes prepared from HEK-293 cells transiently 

transfected with wtCNGA2 (Lane 1), FLAG-CNGA2 (Lane 2), or CFP-CNGA2 (Lane 

3), and membranes from untransfected HEK-293 cells (Lane 4) were subjected to SDS-
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PAGE, transferred to nitrocellulose, and probed with an antibody raised against native 

CNGA2. (B) Membranes prepared from rat nasal tissue were subjected to SDS-PAGE 

before (Lane 1) or after (Lane 2) incubation with N-glycosidase F for 1 h at 3TC. 

Western blot analysis demonstrates that the anti-CNGA2 antibody recogmzes 

glycosylated CNGA2 (smear centered at 114 kDa in Lane 1) as well as the non

glycosylated form of CNGA2 at approximately 75 kDa, indicated by the arrow (Lane 2). 

The lowest band in both lanes is a non-specific band stained by the secondary antibody 

alone. (C) Western blot of sucrose density gradient fractions of 3% Triton X-100 

extracted rat olfactory membranes probed for CNGA2, caveolin, and transferrin receptor. 

Glycosylated CNGA2 is clearly present in low-density lipid raft fractions (n=3). 5% and 

40% refer to the sucrose concentration at the top and bottom of the gradient, respectively. 
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Figure 7. CNGA2 does not directly bind caveolin and is only partially colocalized 

with caveolin at the surface of HEK-293 cells. (A) Solubilized membranes from HEK-

293 cells transfected with FLAG-CNGA2 (Lane 2) and from untransfected HEK-293 

cells (Lane 3) were immunoprecipitated with anti-caveolin antibodies. Western blots of 

immunoprecipitates were probed with anti-FLAG and anti-caveolin antibodies. Lane 1 

contains membranes from transfected cells as a positive protein control. The results 

demonstrate that caveolin ( -23 kDa) does not immunoprecipitate CNGA2 (85 kDa). (B) 

Solubilized membranes from rat nasal tissue (200 J.lg) were immunoprecipitated with 

anti-caveolin (Lane 2), anti-CNGA2 (Lane 4), or no primary antibodies (Lanes 1 & 3). 
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Western blots of the immunoprecipitates were probed with both anti-caveolin and anti

CNGA2 antibodies. Both the glycosylated (*) and unprocessed (-) forms of CNGA2 were 

precipitated with the anti-CNGA2, but not the anti-caveolin, antibody. 20 J..Lg of rat nasal 

membranes was loaded to determine the level of caveolin and CNGA2 immunoreactivity 

before immunoprecipitation (+).The IP efficiency was approximately 20%. (C-E) HEK-

293 cells transiently expressing CFP-CNGA2 were immunofluorescently labeled with 

anti-caveolin antibody (1:500) and a Cy3-conjugated fluorochrome. Individual images 

were pseudocolored red for caveolin (C) and green for CNGA2 (D). The overlap (yellow 

in E) between caveolin and CNGA2 at the cell surface is limited. 
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Figure 8. Cholesterol depletion increases the density of CNGA2-containing lipid raft 

membranes. HEK-293 cells expressing FLAG-CNGA2 were treated with 2% CD prior 

to solubilization in 1% Triton X -100 and sucrose density centrifugation. Western blots of 

sucrose gradient fractions were pro~ed with anti-FLAG and anti-caveolin antibodies, and 

the optical density of CNGA2 immunoreactivity in each lane was measured and 

expressed as a percent of the total CNGA2 optical density. 5% and 40% refer to the 

sucrose concentration at the top and bottom of the gradient, respectively. Compared to 

results from untreated controls (filled circles, see Fig. 5), CD produced a smear of 

CNGA2 immunoreactivity (open triangles) through the gradient. 
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Figure 9. Cholesterol depletion abolishes PGEl-stimulated CNGA2 channel activity 

in intact cells. (A-D) The fluorescent indicator fura-2 was used to monitor Ca2
+ influx in 

HEK-293 cell populations expressing CNGA2. In this assay, an increase in local cAMP 
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concentration causes activation of homomeric CNGA2 channels and a subsequent 

increase in Ca2
+ entry. Ca2

+ influx causes a decrease in fluorescence (AF), which was 

expressed relative to the prestimulus fluorescence (F0). ~/Fo was plotted with inverted 

polarity so that increases in Ca2
+ influx are represented as positive deflections. (A) 100 

nM PGE1 stimulated an increase in calcium influx through CNGA2 channels (-CD, n = 

11). Pretreatment of cells with 2% CD eliminated the response (+CD, n = 11). (B) 

Pretreatment of cells with 2% CD and 1 mM cholesterol ( +CD/+Cholesterol) blocked the 

effect of 2% CD pretreatment alone (+CD). (C) Incubation in supersaturating (1 mM) 

CPT -cGMP for 1 h followed by the addition of 200 ~-tM Ca2
+ stimulated an increase in 

calcium influx (-CD, n = 5) that was only mildly reduced by pretreatment of cells with 

2% CD (+CD, n = 5). (D) Only a small calcium influx was observed in uninfected cells 

following incubation in CPT-cGMP (lmM) and addition of 200 J..LM Ca2
+, both with and 

without 2% CD pretreatment. (E) Bar graph showing the maximal rate of calcium influx 

for the experiments shown in panels (A) and (C). Bars represent the averages from the 

number of experiments shown above the bar, and error bars represent the standard 

deviations. CD pretreatment significantly reduced the calcium influx following PGE1 

stimulation (t-test, p<.00001). 
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Figure 10. Cholesterol depletion reduces the apparent cAMP binding affinity of 

CNGA2 channels in isolated patches. CNGA2 channel activity was measured in inside-

out patches pulled from HEK-293 cells expressing wtCNGA2 either before or after 

treatment with 2% CD for 15 - 30 minutes at 37 °C. Currents activated by bath 

application of increasing concentrations of cAMP (5- 5000 JlM) were measured at +50 

m V, and the current at each cAMP concentration was expressed relative to the maximal 

current activated by 1 mM cGMP. The inset shows representative examples of single 

patch recordings from untreated (open circles) and 2%-CD-treated cells (closed symbols). 

All curves are fit to the Hill equation. The average K112 increased from approximately 39 

JlM to 123 JlM following CD incubation. Error bars represent SEM. 
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CHAPTER 2.2 

MBCD Does Not Inhibit Olfactory CNG Channels By 

Disrupting Lipid Rafts. 
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Our previous manuscript showed that heterologously expressed CNGA2 channels 

were associated with detergent resistant lipid raft membranes and inhibited by MBCD 

treatment, yet it was unclear whether the change in channel function following MBCD 

treatment was directly due to lipid raft disruption. To test this possibility, I first searched 

for related CNG channels that did not associate with lipid rafts, and therefore might not 

be expected to exhibit functional changes following MBCD treatment. I discovered that 

CNGA3 subunits expressed in HEK-293 cells were associated with Triton X-100 soluble 

membranes rich in transferrin receptors, rather than with caveolin-rich, detergent resistant 

membranes (Figure 11 ). This finding demonstrates that CNGA3 channels do not reside in 

lipid raft membranes. 

Inconsistent with these biochemical results however, measurements of cGMP 

sensitivity in inside-out patches revealed that both CNGA2 and CNGA3 channels were 

similarly inhibited by 15 mM MBCD treatment at 3TC for 5-15 minutes (Figure 12). 

Together, these findings imply that MBCD inhibition of CNGA2 channels is not due to 

lipid raft disruption. 

To further test the hypothesis that MBCD treatment inhibits CNGA2 channels by 

disrupting lipid rafts, I examined channel function following different MBCD treatment 

conditions. Evidence from studies employing a variety of methods to remove cellular 

cholesterol shows that at least two different kinetic pools of cholesterol exist within the 

plasma membrane: a temperature-insensitive, rapidly extractable pool, and a second pool 

that extracts more gradually and becomes harder to remove at lower extraction 

temperatures222
•
276

-
278

. These authors have hypothesized that the slowly-extractable pool 

represents tightly-bound plasma membrane cholesterol within microdomains resembling 
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lipid rafts. I therefore analyzed CNGA2 channel cyclic nucleotide sensitivity following 

15 mM MBCD treatment at 22°C, for periods of up to 2 hours. Unlike the 3-fold average 

shift in cAMP sensitivity seen following MBCD treatment at 3TC, the K 112 for cAMP 

following MBCD treatment at 22°C remained largely unchanged (Figure 13A). This 

finding seemed to support the idea that MBCD treatment at 3TC inhibited CNGA2 

channels by disrupting lipid rafts. However, when I lowered the concentration of MBCD 

to 5 mM, and treated cells at 3TC for up to 2 hours, I saw no change in the cyclic 

nucleotide sensitivity of CNGA2 channels (Figure 13B). In these experiments, the higher 

treatment temperature should still facilitate lipid raft disruption. This last finding and the 

CNGA3 data discussed above support the idea that MBCD inhibits CNGA2 channels 

though a mechanism that does not involve changes in lipid raft integrity. 

However, it is also possible that at lower temperatures or lower MBCD 

concentrations, the amount of cholesterol removed is too small to promote lipid raft 

disruption. To test this idea, I measured the amount of cholesterol in HEK membranes 

following various MBCD treatment conditions, using either mass spectroscopy or a 

cholesterol oxidase-based fluorimetric assay. Both methods reported identical relative 

changes in cholesterol levels. As figure 14A demonstrates, 15 mM MBCD treatment at 

3TC removes approximately 50% of total cellular cholesterol within the first 10 minutes, 

and eventually removes nearly all cellular cholesterol over the next 2 hours. 15 mM 

MBCD treatment at 22°C produces a similar cholesterol extraction profile, but after 2 

hours of treatment approximately 30% of the total cholesterol still remains. Still, by 10-

15 minutes at 3TC and after 1 hour at 22°C, the conditions used for electrophysiological 

analysis, nearly the same relative amount of cholesterol is removed. Figure 14B shows 
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that all of the various treatment conditions used for the functional experiments remove 

identical amounts of total cholesterol. Thus the lack of CNGA2 inhibition following 5 

mM or 22°C MBCD treatment cannot be attributed to a higher concentration of 

remaining cholesterol. Following a 30 minute pretreatment with 15 mM MBCD at 3TC, 

up to 95% of the cellular cholesterol could be replaced by a subsequent 30 minute 

incubation with 15mM MBCD complexed with 1mM cholesterol. This treatment, 

however, resulted in a dramatic decrease in cell viability (assessed by cell counting and 

protein measurement), and isolating patches from the surviving cells proved extremely 

difficult. 

An additional observation I made during these experiments was that after treating 

cells in suspension with 15 mM MBCD at 3TC beyond 15 minutes, or attached cells 

beyond 30 minutes, I was unable to achieve gigaohm seals or isolate stable patches. 

However, with 5 mM MBCD at 3TC, or 15 mM MBCD at 22°C, I could treat cells for 

up to 2 hours and still achieve strong seals and stable patches. These findings further 

demonstrate that 15 mM MBCD pretreatment at 3TC, independent of the quantity of 

cholesterol removed, leads to more dramatic changes in membrane integrity than the 

other treatment conditions. 

In summary, I have found that the degree to which MBCD inhibits CNGA2 

channels does not correlate with its ability to disrupt lipid rafts or with the amount of 

cholesterol removed. These findings suggest that CNGA2 channel function is not 

stabilized by specific interactions with cholesterol molecules, or by the integrity of 

cholesterol-rich plasma membrane microdomains. Rather, MBCD likely alters CNGA2 

channel function through non-cholesterol mediated effects on membrane structure, or by 
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changing the concentration of another channel modulator. 
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Figure 11: CNGA3 Raft Preparation Lipid raft membranes were isolated from HEK-

293 cells expressing FLAG-CNGA3 subunits, as described in materials and methods. 

Proteins in the sucrose gradient fractions were separated by SDS-PAGE. Western blots 

probed with appropriate antibodies show that caveolin was present in low-density sucrose 

fractions, while transferrin receptor and CNGA3 were found in detergent-soluble 

fractions ( 40% ). 
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Figure 12: CNGA2 vs. CNGA3 Activation Curves Following MBCD Treatment 

Inside-out patches were pulled from HEK-293 cells expressing either wtCNGA2 or 

wtCNGA3 subunits, either before (Ctrl) or after ( +MBCD) incubation with 15 mM 

MBCD for 5-15 minutes at 3TC. Currents activated by the indicated concentrations of 

cGMP at +50 mV were normalized to the current activated by 1 mM cGMP. 
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Figure 13: Effect of Different MBCD Treatment Conditions on CNGA2 Channels 

(A) Inside-out patches from HEK-293 cells expressing CNGA2 subunits were exposed to 

the indicated concentrations of cAMP, either before (Ctrl) or after ( +MBCD) 

pretreatment of cells with 15 mM MBCD at 22°C for 40-60 minutes. In (B), cells were 

pretreated with 5 mM MBCD at 3TC for 60 minutes. All currents were collected at +50 

mV, and normalized to the current activated by 1 mM cGMP. 
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Figure 14: Cholesterol Extraction Data (A) The total cholesterol content of HEK-293 

cells was measured following 15 mM MBCD treatment at the indicated temperatures 

using mass spectroscopy, as described in the materials and methods. Control cells were 

incubated in serum-free media at 3TC. Data points were normalized to the protein 

content and to the amount of cholesterol present before exposure to MBCD (time 0). The 

data are representative of 3 separate experiments, as well as 3 experiments using a 

biochemical assay, described in the methods. (B) HEK-293 cells were treated with 

MBCD as indicated on the X axis, and the total cholesterol content was measured with 

either mass spectroscopy or a biochemical assay. Data were normalized to the protein 

content and to the amount of cholesterol present before treatment. Numbers in 

parenthesis indicate the number of experiments performed. 
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CHAPTER 2.3 

Interplay Between PIP3 and Calmodulin Regulation of 

Olfactory CNG Channels. 
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Phosphatidylinositol-3,4,5-trisphosphate (PIP3) has been proposed to modulate the 

odorant sensitivity of olfactory sensory neurons (OSNs) by inhibiting activation of 

cyclic nucleotide-gated (CNG) channels in the cilia. When applied to the 

intracellular face of excised patches, PIP3 has been shown to inhibit activation of 

heteromeric olfactory CNG channels, composed of CNGA2, CNGA4, and CNGB1b 

subunits, as well as homomeric CNGA2 channels. In contrast, we discovered that 

channels formed by CNGA3 subunits from cone photoreceptors were unaffected by 

PIP3. Using chimeric channels and a deletion mutant, we determined that residues 

61-90 within the N-terminus of CNGA2 are necessary for PIP3 regulation, and a 

biochemical "pull-down" assay suggests that PIP3 directly binds this region. TheN

terminus of CNGA2 contains a previously identified calcium-calmodulin 

(Ca2+/CaM) binding domain (residues 68-81) that mediates Ca2+/CaM inhibition of 

homomeric CNGA2 channels, but is functionally silent in heteromeric channels. We 

discovered, however, that this region is required for PIP3 regulation of both 

homomeric and heteromeric channels. Furthermore, PIP3 occluded the action of 

Ca2+ /CaM on both homomeric and heteromeric channels, in part by blocking 

Ca2+/CaM binding. Our results establish the importance of the CNGA2 N-terminus 

for PIP3 inhibition of olfactory CNG channels, and suggest that PIP3 inhibits 

channel activation by disrupting an autoexcitatory interaction between theN- and 

C-termini of adjacent subunits. By dramatically suppressing channel currents, PIP3 

may generate a shift in odorant sensitivity that does not require prior channel 

activity. 
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Odorant binding to specialized receptors in the cilia of olfactory sensory neurons (OSNs) 

triggers an increase in intracellular cAMP 279
-
282

, which directly opens cyclic nucleotide-

gated (CNG) channels 44
. Calcium influx through CNG channels activates an atypical 

chloride current 283
-
285

, leading to depolarization of the cell membrane. The elevated 

calcium also causes rapid adaptation to odorants by triggering a Ca2+/CaM-dependent 

decrease in the sensitivity of CNG channels to cAMP 286
. Recent evidence suggests that 

PIP3 also decreases the sensitivity of olfactory CNG channels and reduces the response of 

OSNs to complex odors, but the mechanism has yet to be elucidated 180
·
181

. 

Ca2+/CaM inhibits homomeric CNGA2 channel activation by binding to a Baa-like 

'f . h N . 161 287 288 h b d' · · l · · · h mot1 m t e -termmus · · , t ere y 1sruptmg an autost1mu atory mteract10n w1t 

the C-terminus of an adjacent subunit 289
-
291

. Deletion of the Ca2+/CaM-binding domain 

(amino acids 68-81) in CNGA2 produces channels that are resistant to inhibition by 

Ca2+/CaM, and also exhibit dramatically reduced sensitivity to cyclic nucleotides due to 

loss of the autostimulatory interaction. Native olfactory CNG channels are tetrameric 

assemblies of 3 different pore-forming subunits - CNGA2, CNGA4, and CNGB 1 b - in a 

2:1:1 stoichiometry 63
·
292

•
293

. Surprisingly, the N-terminal Ca2+/CaM-binding site on 

CNGA2 is functionally silent in heteromeric channels; instead, Ca2+/CaM exerts its 

inhibitory effect by binding to IQ-like motifs in the CNGA4 and CNGB1b subunits 294
• 

More recently, several lipids have been shown to regulate the activity of CNG 

channels. Activation of rod channels is dramatically reduced by application of 

diacylglycerol derivatives 295
•
296

, all-trans-retinal 297
, and PIP2 

179
, and activation of 

olfactory CNG channels is inhibited by cholesterol depletion 298
. Zhainazarov and 

colleagues reported that PIP3 inhibits heterologously-expressed CNGA2 homomeric 
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channels or CNGA2/CNGA4 heteromeric channels to nearly the same extent as native 

channels in OSN membranes 181
. Interestingly, inhibition by PIP3 in many respects 

resembles that of Ca2+/CaM- in both cases the apparent affinity of the channel for cAMP 

is reduced by at least 10-fold with no change in the single channel conductance. While 

the mechanism of Ca2+/CaM inhibition has been well characterized, the molecular 

mechanisms underlying PIP3 inhibition remain unknown. Furthermore, it is unclear how 

these two regulatory processes interact to modulate the odorant response. 

Results 

CNGA3 channels are insensitive to PIP3• To investigate the effects of PIP3 on CNG 

channel function, we expressed cloned channel subunits in HEK-293 cells, and exposed 

inside-out patches to varying concentrations of cyclic nucleotides. As shown in Fig. 15A 

& B, exposure of patches containing homomeric CNGA2 channels to 10 f.!M dipalmitoyl

PIP3 produced, on average, a 17- and 13-fold shift in the apparent affinity for cGMP (N = 

8) and cAMP (N = 12), respectively. In addition, dipalmitoyl-PIP3 (referred to as PIP3 in 

the rest of the manuscript) decreased the efficacy of saturating cAMP by approximately 

70%, an effect typically ascribed to stabilization of closed channel states. The decrease in 

cyclic nucleotide sensitivity generally occurred within 20 seconds of exposure to 10 f.!M 

PIP3; similar results were observed with concentrations of PIP3 as low as 1 f.!M, but the 

time-course was generally slower (Fig. 15E). We were unable to reverse the effect of 

PIP3, even with wash times of more than 60 minutes, which we attribute to the high 

affinity of PIP3 for the hydrophobic membrane environment. Application of 50 11M 

dioctanoyl-PIP3 (a more water soluble analog with shorter acyl substituents) caused only 
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a mild decrease in the apparent cAMP affinity (less than 2-fold), while 10 11M 

dioctanoyl-PIP3 and 10 11M IP4 had no effect (Figures 16A & B). In about half of the 

patches, PIP3 reduced the saturating cGMP current by 20-30%. This effect developed 

gradually with prolonged exposure to PIP3, suggesting that high concentrations of patch

resident PIP3 were required (Figure 16C). We found no correlation between the size of 

the apparent affinity shift and the decrease in the maximum cGMP-activated current. 

In contrast, application of 10 11M PIP3 had no effect on channels formed by 

CNGA3, the a subunit from cone photoreceptors (Fig. 15C & D). Neither the apparent 

affinity for cGMP nor the maximum current elicited by saturating cGMP concentrations 

was significantly altered by even prolonged exposure to 10 !-LM PIP3 (up to 4 min). 

Similarly, the apparent affinity and efficacy of cAMP, a weak partial agonist for CNGA3, 

were also unaffected. 

Molecular determinants of PIP3 regulation. To identify channel regions involved in 

PIP3 regulation, we constructed chimeric channels by exchanging different regions of 

CNGA2 and CNGA3. These two subunits are approximately 60% identical and 75% 

homologous, with most of their differences lying in the cytoplasmic N- and C-termini. 

Exchanging the pore domain and C-terminus did not eliminate the PIP3 sensitivity of the 

parent channel; CNGA2 containing the CNGA3 pore and cyclic nucleotide-binding 

(CNB) domain (chimera 2233) was still inhibited by PIP3 (by approximately 5-fold), and 

CNGA3 channels containing the CNGA2 pore and CNB domain (chimera 3322) were 

unaffected by PIP3 (Fig. 17 A). We then assessed the PIP3 sensitivity of chimeric channels 

containing only the cytoplasmic N-terminus of CNGA2, and found that transplantation of 
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this region onto CNGA3 was sufficient to confer PIP3 inhibition. Exposure of patches 

containing these chimeric channels (A2nA3) to 10 f.!M PIP3 caused a 5-fold decrease in 

their cGMP sensitivity, and a severe reduction in the current elicited by saturating cAMP. 

(Fig.17A & B). 

Calmodulin inhibition of CNGA2 channels resembles PIP3 inhibition, and also 

relies on residues within theN-terminus (residues 68-81). We therefore hypothesized that 

the two modulators share a common inhibitory mechanism or binding site. In support of 

this, we found that channels formed by CNGA2 subunits lacking residues 61-90 (~61-90-

CNGA2) were virtually unaffected by application of 10 f.!M PIP3 (Figure 18A). However, 

with prolonged PIP3 exposure, these channels, like wild-type CNGA2 channels, often 

exhibited a reduction in the maximum cGMP-activated current, but no change in the 

maximum cAMP-activated current. Although difficult to explain based on current models 

of CNG channel activation, this effect was not investigated further. 

Several mechanistic scenarios might explain the loss of PIP3 sensitivity in the 

~61-90-CNGA2 channels. First, PIP3 might interact directly with amino acids within this 

region. Alternatively, PIP3 might bind to adjacent sites, and inhibit channels by disrupting 

the autostimulatory interaction between theN- and C-termini, which is already absent in 

the deletion mutant. To test for a direct interaction between PIP3 and the N-terminus of 

CNGA2, we incubated a GST -tagged peptide containing the cytoplasmic N-terminus of 

CNGA2 (GST-A2N) with PIP3-conjugated beads. The beads and bound protein were 

recovered by centrifugation and washed to reduce non-specific binding. As shown in 

Figure 18B, GST alone did not adhere to the PIP3 beads, but the high affinity PIP3-

binding domain from Grp1 (GST-Grp1PH) was enriched by the PIP3 beads. A fraction of 
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the GST-A2N peptide was also recovered with the PIP3-conjugated beads. In contrast, a 

CNGA2 N-terminal peptide lacking residues 61-90 (GST-A2NL1) did not adhere to the 

PIP3-coated beads. This biochemical result suggests that PIP3 directly binds to residues in 

the region between amino acids 61 and 90. Surprisingly, we found that the CNGA3 N

terminus also adhered to PIP3-coated beads (Fig. 18B), even though PIP3 does not alter 

CNGA3 channel activity. When the Ca2+-CaM binding site was removed from the 

CNGA3 N-terminal peptide (GST-A3NL1), binding to PIP3 beads was no longer observed. 

Interestingly, previous biochemical experiments have established that the N-terminus of 

CNGA3 binds Ca2+/CaM, but this binding is functionally silent 299
• 

Native-type olfactory CNG channels, formed by CNGA2, CNGA4 and CNGB1b 

subunits, were also strongly inhibited by PIP3, Heteromeric channels containing wild

type CNGA2 subunits exhibited a 5-fold average increase in their K112 for cGMP from 2.6 

± 0.6 11M to 15.7 ± 7.1 11M following brief exposures to 10 J.!M PIP3 (5 patches, Fig. 

18C). To test the functional relevance of the CNGA2 N-terminal PIP3-binding site in the 

context of the heteromeric channel, we expressed the L161-90-CNGA2 subunits along 

with CNGA4 and CNGB1b. We found that exposure to 10 J.!M PIP3 had no appreciable 

effect on the apparent cGMP affinity of these channels (K112 before PIP3 = 14.7 ± 3.1 f1M, 

K 112 after = 19.9 ± 9.1 f1M, 3 patches, Fig. 18D). Similar results were observed with 

cAMP for both wild type and mutant channels (Fig 18C & D). These observations 

demonstrate that residues 61-90 of CNGA2 are necessary for PIP3 regulation of 

heteromeric olfactory CNG channels. 
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Interplay between PIP3 and Ca2+/CaM regulation. Since our biochemical data imply 

that the PIP3-binding site overlaps that of Ca2+/CaM on CNGA2, we predicted that PIP3 

might occlude the action of Ca2+/CaM on homomeric CNGA2 channels. As shown in 

Figure 19A, CNGA2 channels exhibited a reversible decrease in their apparent affinity 

for cGMP following exposure to 250 nM Ca2+/CaM (K 112 before Ca2+/CaM = 2.3 ± 1.2 

1-1M, after Ca2+/CaM = 19.2 ± 5.3 1-1M, after EDTA wash = 1.6 ± 0.4 1-1M, 4 patches). 

Subsequently, a brief exposure to 10 1-1M PIP3 inhibited channel activation to an equal, or 

greater, extent (K 112 = 29.9 ± 11.4 1-1M, 4 patches). Thereafter, a second exposure to 

Ca2+/CaM produced no further decrease in apparent affinity (K 112 = 29.6 ± 14.7 1-1M, 4 

patches). This finding suggests that PIP3 and Ca2+/CaM exert their effects through a 

common mechanism or that PIP3 inhibits Ca2+/CaM binding. To test the latter hypothesis, 

we measured Ca2+/CaM binding to the CNGA2 N-terminus using a calmodulin overlay 

assay (Fig. 19D). We found that the presence of 100 J1M PIP3 reduced the binding of 

FLAG-tagged Ca2+/CaM to a GST-tagged CNGA2 N-terminal peptide by almost 70 % 

under our assay conditions (67.3 ± 0.06 %; N = 6). Thus, PIP3 appears to mimic and 

occlude Ca2+/CaM inhibition of homomeric CNGA2 channels, in part by interfering with 

Ca2+/CaM binding to the CNGA2 N-terminus. 

In heteromeric olfactory channels, the CNGA2 N-terminal CaM-binding site is 

functionally silent; instead, Ca2+/CaM exerts its inhibitory effects by binding to IQ-like 

motifs in the CNGA4 and CNGB 1 b subunits. Therefore, we expected that PIP3 and 

Ca2+/CaM inhibition would be additive. Surprisingly, we found that wild-type 

heteromeric channels were unaffected by application of Ca2+ /CaM following exposure to 

10 1-1M PIP3 (Fig. 19B ). Exposure of heteromeric channels containing ~61-90-CNGA2 to 
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10 J..LM PIP3 also occluded inhibition by Ca2+ /CaM (Fig. 19C), even though PIP3 had no 

direct effect on the apparent affinity of the channels. Using calmodulin overlay assays 

(Fig. 19D), we found that the presence of 100 11M PIP3 inhibited the binding of FLAG

tagged calmodulin to peptides containing the IQ motifs from CNGA4 (86.1 ± 0.06 %; N 

= 9) and CNGB1b (87.4 ± .08 %; N = 7). 

Discussion 

We have shown that PIP3 dramatically shifts the cyclic nucleotide sensitivity of 

olfactory CNG channels by direct interaction with residues in the N-terminus of CNGA2. 

This interaction mimics and occludes Ca2+ /CaM regulation in homomeric CNGA2 

channels. In heteromeric channels containing CNGA2, CNGA4, and CNGB 1 b, PIP3 and 

Ca2+/CaM produce distinct functional changes by binding to different subunits, yet PIP3 

still blocks Ca2+/CaM regulation. To the best of our knowledge this is the first example of 

a PIP3-protein interaction that prevents Ca2+/CaM regulation. Our findings reaffirm the 

regulatory significance of the CNGA2 N-terminus in the heteromeric channel, and 

indicate that each subunit in native olfactory CNG channels has a distinct and important 

role in channel regulation and trafficking 300
-
302

. 

Based on our observations, a possible mechanism for PIP3 inhibition of olfactory 

CNG channels can be inferred. In homomeric CNGA2 channels, removal of residues 61-

90, exposure to Ca2+/CaM, and exposure to PIP3 produce nearly identical shifts in cyclic 

nucleotide sensitivity and in the maximum cAMP-activated current. The removal of 

residues 61-90 and regulation by Ca2+/CaM are both known to dismpt an autostimulatory 

interaction between theN- and C-termini of adjacent CNGA2 subunits 289
•
291

. Since PIP3 
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inhibition requires residues 61-90 and prevents Ca2+ /CaM regulation, we postulate that 

PIP3 binding may anchor the N-terminus of CNGA2 to the membrane surface, thereby 

disrupting the intersubunit autostimulatory interaction. This molecular mechanism 

resembles that recently proposed for prevention of K+ channel N-type inactivation by 

phosphoinositides: sequestering of the N-terminal domain at the cytoplasmic face of the 

membrane 194
. Although theN-terminus of CNGA3 can bind both PIP3 and Ca2+/CaM, 

these interactions appear to be functionally silent, most likely reflecting the absence of a 

pronounced autostimulatory interaction with the C-terminus 299
. Our data also suggest a 

possible mechanism for PIP3 inhibition of heteromeric olfactory channels. As we and 

others have observed, PIP3 inhibition of heteromeric channels causes a 10-fold shift in 

cyclic nucleotide sensitivity and a 2-fold reduction in the efficacy of cAMP 181
. In 

contrast, Ca2+/CaM produces a larger shift in cyclic nucleotide sensitivity without 

decreasing the efficacy of cAMP 287
. Taken together, the results suggest that 

autostimulatory interactions between CNGA2 subunits still occur in heteromeric 

channels, and that PIP3, but not Ca2+/CaM, may act by disrupting these interactions. The 

mechanism of Ca2+/CaM inhibition of heteromeric channels remains unclear, although 

interactions with CNGA4 and CNGB1b are required (21). 

Phosphatidylinositides are known to regulate the activity of an ever increasing 

number of ion channels. Binding of PIP2 to both Kirl and Kir6 channels promotes channel 

. . b b ·1· . h 182 186 301 d PIP h b d . activatiOn y sta I Izmg t e open state ' ' -, an 3 as een propose to activate 

both epithelial sodium channels and TRPC6 channels by direct binding 195
•
304

. Like PIP2-

binding regions identified in other ion channels 187
•
188

•
190

, the stretch of amino acids 

between residues 61-90 of CNGA2 contains multiple basic residues that may be 
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important for the interaction with negatively charged phospholipids. Similar to PIP2 

inhibition of TRPVl channels 192, PIP3 inhibited activation of olfactory CNG channels. 

PIP2 and Ca2+/CaM have been shown to bind competitively and have antagonistic effects 

on the activity of many proteins, like RGS4 and MARCKS 172
•
173

. In contrast, PIP3 

partially mimics and occludes Ca2+/CaM regulation of olfactory CNG channels. Our data 

suggest that for both homomeric and heteromeric olfactory CNG channels, PIP3 interferes 

with Ca2+/CaM binding to several channel subunits. Additionally, in homomeric 

channels, binding of PIP3 may induce a separation of the N- and C-termini, thereby 

preventing Ca2+/CaM from having any further effect on channel function. 

Olfactory sensory adaptation is mediated by Ca2+/CaM-dependent channel inhibition, 

and depends upon activation of the odorant signaling pathway and the subsequent influx 

of Ca2+ through open CNG channels 286. In contrast, inhibition of olfactory signaling by 

PIP3 does not require prior channel activity, and channel regulation by PIP3 may serve to 

reduce overall olfactory sensitivity in the presence of complex odorant mixtures. One 

possible route for PIP3 synthesis is suggested by the recent discovery of purinergic 

receptors in OSN membranes 305. These G-protein coupled receptors are activated by 

A TP and have been reported to stimulate PIP3 synthesis in astrocytes and C6 glioma cells 

306·307. In the olfactory epithelium, noxious stimuli or prolonged exposure to odorants may 

lead to release of cellular ATP, causing activation of purinergic receptors and consequent 

production of PIP3. We speculate, therefore, that the stimulation of PIP3 synthesis by 

purinergic receptor activation may serve a neuroprotective role by preventing possibly 

toxic levels of calcium influx through CNG channels following excessive or noxious 

stimulation. 
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Figure 15: PIP3 inhibits CNGA2 channels, but not CNGA3 channels. Representative 

traces from CNGA2 (A) and CNGA3 (C) before and after application of 10Jl.M PIP3. 

Currents were elicited by voltage steps to +50 and -50 mV in the presence of the 

indicated concentration of cyclic nucleotides. Data are representative of 12 patches for 

CNGA2 and 6 patches for CNGA3. Representative CNGA2 (B) and CNGA3 (D) cyclic 

nucleotide dose-response relations, before (dark symbols) and after (open symbols) 

application of 10 Jl.M PIP3. Hill parameters (K 112, n) for CNGA2: (T) cGMP = 1.6 Jl.M, 

2.2 before PIP3, and (V) 21.5 Jl.M, 2.1 after PIP3; (e) cAMP= 51.2 Jl.M, 1.9 before PIP3, 

and (0) 1.4 mM, 1.5 after PIP3; for CNGA3 (T) cGMP = 21.6 Jl.M, 2.2 before PIP3, and 

(V) 25.8 Jl.M, 2.1 after PIP3; (e) cAMP= 1.8 mM, 1.3 before PIP3, and (0) 1.5 mM, 1.7 

after PIP3. The open circles in panel D overlap and hide the filled circles. Data are 

representative of 3 separate experiments each for CNGA2 and CNGA3. (E) Two 

different patches containing CNGA2 channels activated by 1 mM cAMP and held at -50 

98 



mV were exposed to 10 11M or 1 11M PIP3 at 15 s (denoted by arrow). Data were 

normalized to the current level before PIP3 exposure. 

99 



A B -IP4 +IP4 c 
1.0 :;!-" .·· 1.0 

';:;--~ 1.0 
0.8 Control / 'f_l ~ c 

0.5 li/ 0 1011M DOPIP3 ~ 0.6 ,// >< 
E Ai;/ 

' 50 11M DOPIP3 0.0 Ill 

5 0.4 'If ~ 0.5 
/,-/ v 10 11M DPPIP3 

0.2 -0.5 

0 -1.0 0.0 
10 1000 10000 0 60 120 180 240 

cAMP(JJM) 200ms Duration of PIP 3 Exposure (s) 

Figure 16: Effects of PIP3 Analogs on CNGA2 Channels (A) An inside-out patch 

from a CNGA2-expressing HEK293 cell was exposed to the indicated substances and 

concentrations for 1-5 minutes. Data are representative of 2 separate experiments. DOPIP 

= dioctanoyl-PIP, DPPIP = dipalmitoyl-PIP. (B) An inside-out patch from a CNGA2-

expressing HEK293 cell was exposed to 200 11M cAMP in the presence or absence of 50 

f1M inositol-1,3,4,5-phosphate (IP4). The currents were normalized to the current 

activated by 1 mM cGMP. Data are representative of 2 separate experiments. (C) An 

inside-out patch from a CNGA2-expressing HEK293 cell was continuously exposed to 

10 f1M PIP3. Every 30 seconds, channels were activated by 1 mM cGMP or 1 mM cAMP 

and currents recorded at +50 mV. All currents were normalized to the current activated 

by 1 mM cGMP at time 0. 
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Figure 17: TheN-terminus of CNGA2 confers PIP3 sensitivity to CNGA3 channels. 

(A) Diagrams depicting CNGA2/CNGA3 chimeric subunits are shown on the left (see 

methods for splice site locations). Portions of the channel sequence derived from CNGA2 

are shown in black; portions derived from CNGA3 are shown in gray. Plotted adjacent is 

the mean Ky2 for cGMP before (e) and after 10 J.!M PIP3 (0). K112 values± SD are: A3, 

18.6 ± 7 J.!M before PIP3 and 20.5 ± 8 J.!M after PIP 3, 3 patches; 3322, 24.0 ± 9 J.!M 

before PIP3 and 24.6 ± 11 J.!M after PIP3, 3 patches; A2nA3 9.3 ± 2.3 J.!M before and 43.5 

± 13.8 J.!M after, 5 patches; 2333 10.6 ± 4 J.!M before and 64 ± 19 J.!M after, 4 patches; 

2233 12.0 ± 2.4 J.!M before and 57.3 ± 7 J.!M after, 3 patches; CNGA2 1.8 ± 1 J.!M before 
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and 23.9 ± 11 J..lM after, 9 patches. (B) Representative cyclic nucleotide dose-response 

relations, before (dark symbols) and after (open symbols) application of 10 !JM PIP3, for 

channels containing A2nA3 subunits. Hill equation parameters (K112, n): ( T) cGMP = 

11.6 J..lM, 2.5 before PIP3 and (v) 51.1 J..lM, 1.9 after PIP3; (e) cAMP = 1.1 11M, 2.9 

before PIP3 and (0) Ky2 = ND, ND after PIP3. Data are representative of 4 different 

patches. 
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Figure 18: PIP3 inhibits olfactory CNG channels through a direct interaction with 

the N-terminus of CNGA2. (A) Shown are representative cyclic nucleotide dose-

response relations for .6.61-90-CNGA2, measured before (dark symbols) and after (open 

symbols) treatment with 10 J..LM PIP3• Hill equation parameters (K112, n): (T) cGMP 22.6 

J..LM, 2.8 before PIP3 and ('V) 26.9 J..LM, 2.2 after PIP3; (e) cAMP= 1.2 mM, 1.4 before 

PIP3 and (0) 917 J..LM, 1.6 after PIP3. Data are representative of 3 different experiments. 

(B) Amino terminal regions of CNGA2 and CNGA3 were expressed as GST-fusion 

proteins, and tested for PIP3 binding in vitro using PIP3-agarose beads. Input proteins (far 

left and lower panels) and bound proteins (middle and upper panels) were identified by 

immunoblotting with anti-GST antibodies. GST-Grp1PH, positive control pleckstrin 

homology domain (Echelon); GST-A2N, amino terminal cytoplasmic domain (amino 

103 



acids 1-138) of rat CNGA2 (AF126808); GST-A2ND, amino acids 61-90 deleted; GST

A3N, amino terminal cytoplasmic domain (amino acids 1-164) of human CNGA3 

(AF065314); GST-A3ND, amino acids 51-108 deleted. Data are representative of four 

different experiments. (C) Representative cyclic GMP dose-response relations before 

(dark symbols) and after (open symbols) application of 10 J..lM PIP3 to a patch containing 

wtCNGA2/A4/B1b channels. Hill equation parameters (K112, n): (T) cGMP 2.3 J..lM, 2.6 

before PIP3 and (v) 14.6 J..lM, 1.8 after PIP3; (e) cAMP= 6.4 flM, 2.8 before PIP3 and 

(0) 48.4 J..lM, after PIP3. (D) Representative cyclic GMP dose-response relations before 

and after application of 10 J..lM PIP3 to a patch containing .6.61-90-CNGA2/A4/B1b 

channels. Hill equation parameters (K112, n): (T) cGMP = 16.3 J..lM, 2.6 before PIP3 and 

(v) 16.5 J..lM, 2.7 after PIP3; (e) cAMP= 70.4 flM, 1.4 before PIP3 and (0) 51.4 J..lM, 

t .2 after PIP 3. Data are representative of 5 patches for wt channels, and 3 patches for 

deletion mutants. 
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Figure 19: PIP3 prevents calmodulin regulation of olfactory CNG channels. (A) 

CNGA2 cGMP dose-response relations were measured before (e) and after (\7) 

application of 250 nM Ca2+/CaM. The patch was then washed with 0.5 mM EDTA (•) to 

remove the CaM. 10 J..LM PIP3 ( 0) caused a right shift that occluded a response to 

subsequent application of CaM (_.). K112 values: before CaM, 1.7 J..LM; after CaM, 13.3 

J..LM; EDTA wash, 1.2 J..LM; after PIP3, 15.3 J..LM; PIP3 + CaM, 13.2 J..LM. Data are 

representative of 4 separate experiments. (B) Representative traces from an inside-out 

patch containing wtCNGA2/A4/B1b channels stepped to +50 mV and -50 mV, and 

exposed to solutions containing either 500 nM Ca2+/CaM or 10 J..LM PIP3. Data are 

representative of 3 separate experiments. (C) Representative trace from an inside-out 

patch containing ~61-90-CNGA2/ A4/B 1 b channels, before and after exposure to 10 !JM 

PIP3• The current activated by 50 !JM cGMP was measured at +50 m V every second, and 
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normalized to the current activated by 1 mM cGMP. 250 nM Ca2+/CaM was added at 20 

s. Data are representative of 3 separate experiments. (D) After blotting, GST -fusion 

proteins were probed in an overlay assay using - 50 nM FLAG-tagged CaM in 10 flM 

buffered calcium, either in the presence (below) or absence (above) of 100 flM PIP3. 

GST-A2N and GST-A2N~ as in Figure 18B; GST-B1bN, proximal amino-terminal 

region (amino acids 677-764) of bovine CNGB1; GST-A4CL, C-linker region (amino 

acids 271-339) of rat CNGA4. Bound CaM-FLAG was detected using M2 anti-FLAG 

antibody. Arrow heads indicate approximate location of molecular weight markers: 49, 

38 and 28 kD. Corresponding blots above and below each other represent identical 

exposure times. Data are representative of six different experiments. 
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Chapter 3: Summary and Discussion 

In my first manuscript, I provided evidence suggesting that homomeric CNGA2 

and heteromeric olfactory CNG channels associate with biochemically-isolated 

cholesterol-rich lipid raft membrane microdomains. This association did not involve 

interactions with caveolin, a cholesterol-binding protein implicated in raft formation. 

Treatment of cells with the cholesterol-depleting agent, MBCD, decreased cAMP 

production following PGEl-stimulation and reduced the cyclic nucleotide sensitivity of 

CNGA2 channels. 

The decreased sensitivity of CNGA2 channels following MBCD treatment, 

however, was not related to lipid raft disruption or cholesterol removal. CNGA3 

channels, which did not associate with biochemically-isolated cholesterol-rich lipid rafts, 

exhibited a shift in cGMP sensitivity following MBCD treatment similar to that observed 

for CNGA2 channels. Also, different MBCD treatment conditions, all of which removed 

identical amounts of cholesterol, had varying effects on CNGA2 channel function. 

In a separate line of investigation, I defined a region within the N-terminus of 

CNGA2 subunits that is required for PIP3 inhibition of homomeric CNGA2 channels and 

heteromeric CNGA2/A4/Blb channels. I also found that PIP3 occludes calmodulin 

inhibition of homomeric and heteromeric channels. Biochemical experiments revealed 

that this effect involves the ability of PIP3 to block the binding of calmodulin to several 

channel subunits. 

107 



3.1 Relationship between CNG channels and lipid 

rafts. 

In biochemical studies, a significant percentage of CNGA2 channels fractionate 

with detergent-insoluble membranes rich in cholesterol, or lipid rafts. Approximately half 

of the channels, however, are found in detergent-soluble, cholesterol-poor membrane 

fractions. This behavior is very different from that observed for the strongly raft

associated proteins caveolin and flotillin (Figure 5B). The reasons for the existence of 

two different channel populations remain unclear, and I cannot at this time firmly 

conclude that functional CNGA2 channels at the plasma membrane reside in lipid rafts. 

One possible explanation for the existence of two distinct fractions of CNGA2 

channels is that both raft-resident and non-resident channel populations exist in the 

plasma membrane. The basis for separate channel populations with different affinities for 

lipid rafts may involve interactions with other proteins, or covalent modifications such as 

phosphorylation. If any proteins directly interact with CNGA2 channels, they have not 

yet been discovered. Coimmunoprecipitation experiments and yeast two-hybrid screens 

may be helpful in this regard. In particular, interactions with cytoskeletal proteins may be 

important. With respect to covalent modification, CNGA2 subunits can be 

phosphorylated at a serine residue in their amino terminus. This increases the apparent 

affinity for cAMP by approximately 5-fold. Although I found no evidence for the 

existence of phosphorylated channels in my patch experiments, a small number of such 

channels might be unnoticeable in macroscopic current recordings. To more specifically 

investigate the role of CNGA2 channel phosphorylation on lipid raft affinity, 
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phosphorylation could be induced prior to detergent lysis by briefly pretreating cells with 

phorbol esters to activate PKC 145. 

An alternative explanation for the existence of two channel populations with 

different detergent-resistance profiles 1s that one fraction represents channels within 

intracellular membranes, while the other fraction represents channels in the plasma 

membrane. My immunofluorescent imaging experiments, similar to those shown in 

Figure 6, reveal that in many CNGA2-expressing HEK-293 cells large amounts of the 

subunit remain within intracellular compartments and do not reach the plasma membrane. 

Since the plasmids used in our studies do not contain all of the genetic regulatory 

elements that normally limit protein expression, the amount of subunit produced may 

overwhelm the processing capability of HEK-293 cells. The intracellular fraction likely 

represents subunits trapped within the endoplasmic reticulum, the golgi complex, post

golgi transport vesicles, or endocytosed regions of the plasma membrane. Endoplasmic 

reticulum membranes contain very low levels of cholesterol and are therefore detergent

soluble213·258·308-310. However, golgi and post-golgi vesicle membranes can exhibit 

detergent resistance258·308. Therefore, it is difficult to determine from my data whether the 

detergent-resistant fraction of CNGA2 represents subunits within intracellular 

compartments or at the plasma membrane. In a preliminary experiment with 

heterologously expressed CNGA4 (not shown), a significant fraction of the subunit was 

detected in detergent-resistant membranes, although only a miniscule percentage of these 

subunits actually reaches the plasma membrane in the absence of CNGA2. This suggests 

that intracellularly trapped CNG channel subunits can be both detergent-soluble and 

insoluble. Also, in my experience, CNGA3-expressing cells produce larger patch 
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currents, and unpublished observations of CNGA3-expressing cells shows that these 

subunits exhibit very little accumulation in the cytosol relative to CNGA2. Thus, while 

CNGA3 channels more effectively reach the plasma membrane, these channels are not 

found in detergent-resistant membranes. 

Further experiments are necessary to determine whether CNGA2 channels at the 

plasma membrane are entirely contained within lipid rafts, partially contained, or not 

associated at all. Imaging experiments provide little information, since to date no reliable 

visual assay of lipid rafts in living cells has been developed, largely owing to the small 

predicted size of these domains in living cells217
• It may be possible to determine whether 

the detergent-resistant fraction is associated with the plasma membrane using cell surface 

biotinylation experiments. This could be achieved by introducing a FLAG epitope tag, 

which contains multiple lysines, into one of the extracellularly-exposed loops of the 

subunit. With such a construct, covalent biotinylation of extracellularly exposed lysine 

residues before cell lysis would allow subsequent identification of the plasma membrane 

channel population on western blots of sucrose gradient fractions. 

The fact that CNGA3 subunits reside almost entirely within detergent-soluble 

membranes may also provide a useful tool for analyzing the lipid raft affinity of CNGA2 

subunits (Figure 11). The chimeric subunits used for defining the PIP3-binding domain of 

CNGA2 could also be used in lipid raft assays to define channel regions important for 

detergent-resistance. This approach could also be combined with a method for analyzing 

surface expression to create a very powerful assay for the molecular determinants of raft 

association. To date, beyond post-translational modifications, such as GPI-attachment 
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and palmitoylation, little is known about the sequence elements responsible for targeting 

. 1' 'd f 241 242 protems to 1p1 ra ts · . 

Our data shows that only a small percentage of native CNGA2 associates with 

detergent-resistant membranes (Figure 6C). While this assay is generally not considered 

to provide quantitative information, the results do make it difficult to conclude that native 

olfactory CNG channels in the cilia preferentially reside in lipid raft microdomains. One 

possible problem with the experiment involves the use of membranes from whole 

olfactory epithelium, which contain the cilia and cell bodies of OSNs and supporting 

cells. Methods have been developed for isolating a relatively pure preparation of OSN 

cilia, and use of this technique may provide a better source of membranes for the 

detergent-resistance assay. Still, CNGA2 in the olfactory epithelium is overwhelmingly 

expressed in the OSN cilia, thus even our preparation should be suitable for lipid raft 

analysis. A more likely explanation is that the presence of CNGA4 or CNGBlb subunits, 

or other proteins that interact with the channels, reduces lipid raft association. This 

possibility could be initially addressed by heterologous expression of heteromeric 

channels in mammalian cells, as long as methods are developed to identify the plasma 

membrane population. 

Another approach for assessing the lipid raft affinity of olfactory CNG channels 

involves the use of artificial lipid bilayers, where large raft domains can be created 

through the precise control of lipid composition, and the domains can be visualized with 

fluorescent dyes that either fluoresce or quench when in a liquid-ordered environment217
• 

Artificial membranes can also be solubilized with Triton X-100, and raft membranes with 

their associated proteins can be isolated on sucrose gradients. These techniques have been 
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used previously to study the affinity of reconstituted proteins for lipid rafts206
-
208

•
258

•
311

. 

To date, only native heteromeric rod channels have been successfully purified and 

reconstituted into liposomes, but similar techniques may be useful for purifying CNGA2 

from cultured mammalian cells or native channels from olfactory cilia 

. 49 64 312 Th f . d b . f .1. .f. . f preparatiOns · ·· . e use o epitope-tagge su umts may ac11tate pun 1cat10n rom 

cultured cells. Although the appropriate purification and reconstitution conditions may be 

difficult to develop, this technique will allow a more controlled environment for 

determining whether olfactory CNG channels have a preference for cholesterol-rich 

membranes. 

3.2 MBCD inhibition of CNGA2 channels 

Pretreatment of cells expressing CNGA2 channels with 15 mM MBCD at 3TC 

for 5-15 minutes decreased the apparent affinity of the channels for cAMP by 

approximately 3-fold, and decreased the average cAMP efficacy by about 20% (Figure 

10). The decrease in cAMP efficacy is highly indicative of an effect on channel gating, 

that is, the transition from an open state to a closed state. Previous modeling of similar 

effects caused by point mutations and sulfhydryl-reactive agents have found that a change 

in the free energy of the gating transition can entirely account for shifts in apparent 

affinity when accompanied by a decrease in cAMP efficacy113
•
123

. However, a change in 

cyclic nucleotide binding affinity can never be completely ruled out unless direct assays 

are employed. No such work has been performed for CNG channels, and such 

experiments would be difficult since multiple regions of the channel subunits may 

influence ligand binding. One possibility for indirectly determining whether MBCD 
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affects ligand binding or gating, is to record from patches containing single channels in 

the presence of super-saturating amounts of ligand. Under these conditions, all binding 

sites should be occupied at nearly all times, and any change in open probability without a 

change in the single channel conductance would reflect alterations of the gating 

mechanism. If MBCD affected only ligand binding, a decrease in the single channel 

conductance would be required to explain the reduced cAMP efficacy. 

Why MBCD changes the apparent affinity of CNGA2 channels remams an 

unanswered question, but multiple scenarios can be envisioned. First, while MBCD is too 

large to fit into or pass through the channel pore, it might directly interact with 

extracellular channel regions. However, MBCD does not adhere to cell membranes; 

therefore the compound appears to have little or no affinity for membrane lipids and 

proteins221
• Also, following incubation of the cells with MBCD, they were diluted 

approximately 100- to 1000-fold into MBCD-free bath solution. Any MBCD attached to 

the channels would be expected to almost completely dissociate over time. Yet patches 

pulled from cells immediately after placement in the recording chamber showed similar 

shifts in affinity to those pulled up to two hours after dilution. Only an extremely strong 

association between MBCD and the channels could explain such findings, which is 

highly unlikely based on the literature. 

A second possibility for the effect of MBCD treatment on CNGA2 channel 

function may be that MBCD removes a membrane lipid that directly interacts with the 

channels. The most likely candidate for this lipid is cholesterol, since MBCD shows a 

strong selectivity for cholesterol over other membrane lipids220
•
221

• But the effect of 

MBCD on channel affinity did not reflect a simple correlation with the amount of 
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cholesterol removed (Figures 13 & 14 ). This could be explained if the channel affinity for 

cholesterol was high, such that lower MBCD concentrations and lower extraction 

temperatures did not provide enough energy to break the interaction. Alternatively, 

MBCD at high concentrations and high temperatures may be removing another lipid that 

directly interacts with CNGA2 channels. 

It may be possible to test whether cholesterol is specifically required for CNGA2 

channel function by using other agents that remove cellular cholesterol, though these 

other compounds have severe disadvantages. The enzyme cholesterol oxidase is probably 

the best choice because it is membrane impermeant and highly specific, but its action is 

much slower than MBCD, and it does not actually remove cholesterol from the 

membrane but simply cleaves off a functional group. Filipin is a pore forming antibiotic 

that interacts with membrane cholesterol, but can also promote the removal of cholesterol 

from intracellular membranes, and it is not highly specific. Instead of removing 

cholesterol, alpha-cyclodextrins remove phospholipids to a similar extent as that seen 

with higher concentrations of MBCD, thus this compound could be used to control for 

non-cholesterol mediated effects of MBCD220
. 

I attempted to address the issue of cholesterol specificity by first treating cells 

with MBCD, then replacing only cellular cholesterol by incubating with 

MBCD/cholesterol complexes. While I was successful at replacing up to 95% of the 

cellular cholesterol using this method, I was unable to isolate stable patches for channel 

recordings. The extraction/replacement technique appeared to dramatically reduce cell 

viability, but with further refinement the technique may prove useful. 
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Instead of disrupting a direct interaction between CNGA2 channels and 

membrane lipids, MBCD might induce a change in membrane structure, such as 

disrupting lipid raft organization. However, several lines of evidence suggest that lipid 

raft microdomains are not involved in the effect of MBCD treatment on CNGA2 

channels. First, CNGA3 and CNGA2 were both similarly affected by MBCD treatment, 

even though CNGA3 does not associate with detergent resistant membranes. Second, 

different MBCD treatment conditions produced varying degrees of channel inhibition, or 

no inhibition at all, despite the fact that all of the conditions removed identical amounts 

of cholesterol. Initially, I suspected that the lack of an effect of room temperature MBCD 

treatment on channel function was the result of lipid rafts remaining intact under these 

conditions. Many other laboratories, using numerous cholesterol extraction tools, have 

observed that two distinct kinetic pools of cholesterol exist within membranes221
•
222

•
276

-

278. One pool is readily extractable with relatively linear temperature dependence. 

Extraction of the second pool, though, occurs more gradually, and exhibits non-linear 

temperature dependence, becoming nearly unextractable at lower temperatures. These 

two pools have been observed in both native and artificial membranes. With artificial 

membranes, where the concentrations of other lipids can be more precisely controlled, 

data show that the existence of a second cholesterol pool often depends on the presence 

of lipids that support liquid-ordered domain formation, such as sphingolipids. In these 

systems, cholesterol extraction at lower temperatures leaves the liquid-ordered domains 

largely intact. Therefore, if the effects I observed were due to differences in lipid raft 

integrity, treatment with a lower concentration of MBCD at 3TC would still be expected 

to dramatically alter CNG channel function. This was not what I observed, however. 
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While 15 mM MBCD treatment at 3TC produced, on average, a 3- to 4-fold decrease in 

the current activated by a subsaturating concentration of cAMP (Figure 10), 5 mM 

MBCD treatment at 3TC produced no change (Figure 13), despite the fact that both 

conditions removed the same amount of cholesterol (Figure 14). Since the temperature of 

extraction in both cases should allow cholesterol removal from lipid rafts, these findings 

seem to support the conclusion that MBCD treatment does not alter CNGA2 channel 

activity by disrupting lipid rafts. 

It may be possible to further investigate the contribution of lipid rafts to CNGA2 

function through the use of cholesterol analogues which differ in their ability to form 

liquid-ordered membrane environments. This would require an initial treatment with 

MBCD followed by incubation with MBCD/cholesterol analogue complexes, a strategy 

which has been successful in the past248
•
249

. Though my replacement strategy did not 

allow for stable patch recordings, further refinement guided by the literature should be 

possible, or the use of different cell lines may be necessary. It may also be instructive to 

employ the membrane soluble dye, Laurdan. This dye reportedly changes emission 

properties in response to changes of membrane fluidity, which may be useful for 

understanding the effects of different MBCD treatment conditions on HEK-293 

b 
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Instead of specifically altering lipid raft integrity, high concentrations of MBCD 

at high temperatures may induce changes in general membrane structure that would be 

predicted to affect the function of a variety of membrane proteins. The finding that both 

CNGA2 and CNGA3 are similarly affected by 15 mM MBCD treatment at 3TC supports 

this idea. Changes in general membrane structure are also thought to underlie the effect 
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of DAG on CNGA2 channel function 177
. Furthermore, studies shows that some lipid 

soluble odorants are capable of mildly inhibiting olfactory channels at relatively high 

concentrations, and the authors of these reports provide some evidence that their results 

are due to alterations of membrane structure314
•
315

. 

Finally, MBCD may alter CNGA2 channel function by inducing changes in 

second messenger molecules that can act on the channels. To date, the only channel 

modulators identified that produce effects similar to those observed following MBCD 

treatment are Ca2+/CaM and PIP3. Changes in Ca2+/CaM levels are likely not involved, 

since my calcium-free recording conditions should remove such effects. MBCD has been 

shown, however, to cause ligand-independent activation of growth factor receptors and 

increased PIP3 synthesis, which would inhibit CNGA2 channels225
•
316

. My work with 

PIP3 regulation was initiated, in part, to investigate this possibility, though my work does 

not clearly answer the question. If MBCD treatment led to inhibition of CNG channels 

through increased PIP3 production, in theory, treatment of isolated patches with anti-PIP3 

antibodies should reverse the MBCD effect. My attempts to reverse PIP3 inhibition in 

patches with antibodies were unsuccessful, thus this line of experiments is not currently 

possible. An alternative approach would be to block PI3K, which is largely responsible 

for stimulus-induced PIP3 synthesis. However, a negative result with this experiment 

would not confirm that PIP3 is not involved, since changes in phosphatase activity could 

also underlie a MBCD-induced increase in PIP3 levels. Currently, there are no good tools 

for altering phosphatase activity in living cells during MBCD treatment. Perhaps further 

defining the molecular determinants of PIP3 inhibition will allow the use of PIP3-

insensitive channels that may then show no response to MBCD treatment. 
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3.3 Lipid rafts as organizers of cAMP signaling 

compartments 

Prior studies have found that when CNGA2 channels are used as sensors of 

membrane-localized, stimulus-induced changes in cAMP levels, the channels are present 

within diffusion restricted signaling compartments. The nature of these compartments is 

unknown, but our data showing that MBCD dramatically reduces the influx of calcium 

through CNGA2 channels following PGEl stimulation suggest that membrane lipid 

organization may play a role in establishing or maintaining the signaling compartments. 

Still, while our data imply that lipid rafts may be involved, they also raise many questions 

and indicate that much work needs to be done. 

An overwhelmingly large number of studies propose that lipid rafts organize 

signaling events at the plasma membrane, and at least one study reports that caveolin and 

lipid rafts facilitate odorant-induced cAMP synthesis in olfactory cilia215
•
244

. But the true 

role of lipid rafts in membrane signaling remains a highly controversial topic for many 

reasons. As mentioned previously, lipid rafts cannot be directly observed, except in a few 

notable instances, for example in polarized lymphocytes230
. Yet even in these cases, it 

cannot be established that a liquid-crystalline microenvironment is responsible for proper 

signaling. Currently, no reliable method for selectively disrupting lipid raft integrity 

without perturbing other membrane regions is available. The problems associated with 

the most common tool, cholesterol removal, have already been discussed. When 

cholesterol removal causes a functional change, the proteins underlying the activity under 
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investigation are often associated with biochemically-defined lipid rafts, yet this is only a 

correlation. My work with CNGA3 channels demonstrates that cholesterol removal can 

change the function of a protein that is not associated with lipid rafts. These concerns 

over the effects of cholesterol removal make it difficult to firmly conclude that MBCD 

treatment alters PGE1 signaling by disrupting lipid rafts. 

My data shows that pretreating cells with MBCD reduced forskolin-stimulated 

cAMP production. The nature of this effect is unclear, and may involve effects on 

membrane structure or more direct effects on the structure and function of AC. Other 

investigators have found that multiple AC isoforms associate with lipid rafts and exhibit 

functional changes following MBCD treatment232
'
234

-
237

·
317

•
318

• Unfortunately, the 

mechanism underlying the MBCD effect in these studies has not been seriously 

examined, therefore any claim that MBCD alters AC activity by disrupting lipid rafts is 

still largely unproven. Replacement of membrane cholesterol with structural analogues 

and the introduction of cyclase isoforms into artificial membranes may help address this 

issue. A recent report has identified cytoplasmic regions of certain AC isoforms that are 

important for targeting the proteins to detergent-resistant membranes233
. Mutant AC 

proteins lacking the raft targeting sequences were not tested for MBCD sensitivity, but 

further work in this direction should provide valuable information pertaining to the 

relationship between MBCD effects and lipid raft association. By introducing mutant AC 

proteins lacking the raft targeting domain into our system, we may be able to better 

understand the role of lipid rafts in cAMP compartmentation. 

While we find that MBCD reduces PGE1-stimulated cAMP production, the 

limited literature available implies that prostanoid receptors do not associate with 
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biochemically-isolated lipid raft microdomains318
. It is important, therefore, that we 

identify which receptor is involved in PGEl signaling in HEK-293 cells, and determine 

whether these receptors associate with lipid rafts. I attempted to identify the type of 

receptor using commercially available antibodies, but produced inconclusive results since 

the level of receptor expression appears to be extremely low. A better approach would be 

to clone prostanoid receptor subtypes from a HEK-293 cell eDNA library. Once 

identified, each receptor could be tested for MBCD sensitivity following heterologous 

expression. To control for problems with overexpression, stable cells lines could be 

generated with different expression levels. 

One final consideration is the influence of the cytoskeleton on the organization of 

signaling compartments. Multiple studies report that MBCD alters cytoskeletal integrity, 

thus the change we observe could result from loss of interactions between the 

cytoskeleton and the membrane or the signaling proteins227
-
229

. If so, effects similar to 

those produced by MBCD should also be observed following treatment with agents that 

disrupt the cytoskeleton. 

3.4 Mechanism of PIP3 inhibition of olfactory CNG 

channels 

PIP3 applied to the intracellular side of inside-out membrane patches decreases 

the cAMP sensitivity of CNGA2 channels by more than one order of magnitude, and 

lowers the efficacy of cAMP by about 50%. For reasons similar to those discussed above 

concerning the MBCD effect on CNGA2 channels, the most likely mechanism 
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underlying PIP3 inhibition of homomeric and heteromeric olfactory CNG channels is a 

change in the free energy of gating. The large decrease in cAMP efficacy following PIP3 

exposure is difficult to explain otherwise. Furthermore, the initial report on PIP3 

inhibition of olfactory CNG channels observed no change in the single channel 

conductance following PIP3 exposure, suggesting that the decreased cAMP efficacy is 

due to increased stability of the closed state relative to the open state when ligand is 

bound. Still, while the entire effect of PIP3 cannot be explained by a change in binding 

affinity, such a change could partially contribute. 

The localization of the PIP3 interaction site to the N-terminus of CNGA2 subunits 

suggests that the mechanism of inhibition involves a disruption of the intersubunit 

interaction between the N- and C- termini, similar to the mechanism underlying 

Ca2+/CaM inhibition 101
• Residues between amino acids 61 and 90 interact with regions in 

the C-linker and CNBD to facilitate channel opening at lower cyclic nucleotide 

concentrations 100
• Removal of amino acids 61-90 dramatically decreases the apparent 

affinity for both cGMP and cAMP, and reduces the efficacy of cAMP (see Figure 20 for 

functional comparisons) 100
•
101

• PIP3 mimicked these effects, and removal of amino acids 

61-90 blocked PIP3 inhibition (Figures 15 & 17). By attaching YFP to one terminus of 

CNGA2 and CFP to the other terminus, Zheng and colleagues 101 observed emission from 

YFP following excitation of CFP (FRET), demonstrating that the two fluorophores, and 

thus the two termini, were in close proximity. Addition of Ca2+/CaM reduced this FRET 

effect, implying that inhibition involved a separation of the two ends of the channel. 

Similar experiments could be used to test whether PIP3 also regulates CNGA2 channels 

in this fashion. Biochemical overlay assays could also be employed with western blots 

121 



containing one terminal peptide exposed to tagged fragments of the alternate terminal, in 

the absence and presence of PIP3, similar to the CaM overlay experiments in Paper 2 

(Figure 18) 100
. It might also be possible to covalently link the N- and C- terminals with 

disulfide bonds. The C-linker of CNGA2 contains an endogenous cysteine residue, and 

the equivalent residue in CNGA1 is capable of crosslinking with an endogenous cysteine 

in the N-terminus99
. While the N-terminus of CNGA2 does not contain the appropriate 

cysteine, by introducing single cysteines upstream and downstream of residue 90, it may 

be possible to identify one that crosslinks with the C-terminus. This should lock the 

terminals together, thereby preventing PIP3 from inhibiting the channels. 

The exact residues required for PIP3 inhibition remain to be identified. Numerous 

basic residues reside between amino acids 61 and 90, and work in other ion channels 

shows that clusters of basic residues are often vital for PIP2 and PIP3 binding182
-
195

. The 

fact that the N-terminals of both CNGA2 and CNGA3 interact with PIP3 in pulldown 

assays suggests that conserved residues between the two channels may be important. 

Converting conserved basic residues, either singly or in combination, to neutral amino 

acids, followed by electrophysiological analysis should lead to a better understanding of 

the molecular determinants of PIP3 inhibition. Ideally, it would be beneficial to identify 

one or a few changes that remove PIP3 inhibition without dramatically altering normal 

channel function. 

The results from preliminary work to establish which portions of the PIP3 

molecule are involved in binding to CNGA2 are inconclusive. I discovered that DOPIP3 

and IP 4 have little or no impact on channel function, which may suggest that the lipid 

portion of PIP3 makes specific contacts with the channels or that it is important for strong 
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membrane anchoring of the CNGA2 amino terminus. While 10 !JM DOPIP3 had no effect 

on channel function, 50 !JM DOPIP3 could produce a mild shift in cyclic nucleotide 

sensitivity. Since DOPIP3 is far more soluble in the aqueous environment than DPPIP3, 

DOPIP3 may not build to significant levels within the membrane to produce maximal 

channel inhibition. Zhainazarov et a/181 report that CNGA2 channels are insensitive to 

PIP2, thus CNGA2 channels may also show headgroup selectivity. However, when I 

applied PIP2 to a few CNGA2-containing patches, I observed a dramatic shift in cyclic 

nucleotide sensitivity (Supplemental Figure 3). This discrepancy with the results of 

Zhainazarov et al begs further investigation. 

While molecular mechanisms underlying gating m heteromeric channels are 

poorly understood, our data hint at possible molecular interactions involved in gating. As 

in homomeric channels, removing residues 61-90 from CNGA2 dramatically reduced the 

cyclic nucleotide sensitivity of heteromeric channels (see Figure 18), and eliminated the 

ability of PIP3 to reduce channel activity. These observations suggest that in both 

homomeric and heteromeric channels, a similar mechanism may underlie PIP3 inhibition, 

namely the disruption of interactions between the CNGA2 N-terminus and other channel 

regions. In heteromeric channels, though, the CNGA2 N-terminus may be interacting 

with regions in CNGA4 or CNGB 1 b to produce an autoexcitatory effect. FRET 

experiments could be used to test this possibility by attaching one fluorophore, such as 

CFP, to the N-terminus of CNGA2, and another fluorophore, YFP, to the N- or C

termini of CNGA4 or CNGB 1 b. 

Comparing the quantitatively different effects of Ca2+/CaM and PIP3 on 

heteromeric channel cAMP sensitivity suggests that distinct modulatory mechanisms 
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underlie the two forms of inhibition (see Figure 20B functional comparison). Ca2+/CaM 

produces a 20-fold shift in the cAMP sensitivity of heteromeric channels without altering 

efficacy. In contrast, PIP3 shifted the cAMP sensitivity by only 8-fold, yet decreased the 

efficacy by 30% or more. Neither Ca2+/CaM nor PIP3 reportedly reduce the maximum 

single channel conductance of heteromeric channels in the presence of saturating cAMP 

concentrations 163
•
181

• The effects of Ca2+/CaM could be fit with current models of CNG 

channel activation by assuming that cAMP and cGMP are almost equally effective 

channel activators. In this case, however, the behavior of channels in the presence of PIP3 

cannot be accurately fit with the same models. This suggests that more complex kinetic 

models are required to fully explain the activation process of heteromeric channels. 

Perhaps PIP3 binding can force channels into an additional open state with reduced or 

blocked conductance. Alternatively, the observation that PIP3 generally reduces the Hill 

coefficient for cAMP activation of heteromeric channels suggests that cooperative 

intersubunit interactions are affected (Figure 20B). This may reflect a situation where 

each subunit in the heteromer contributes different gating properties to whole channels. 

PIP3 may then change these contributions, allowing subunits with lower apparent 

affinities for cAMP to dominate the gating process. Testing these possibilities is a 

difficult task. I attempted to determine whether PIP3 binds better to the closed or open 

state by exposing patches to PIP3 in the presence or absence of cAMP, and measuring the 

timecourse of inhibition. I observed a large variability in the inhibition time courses with 

or without cAMP present, and no difference between the two conditions was evident. 

Perhaps lower concentrations of PIP3, which inhibit channels more gradually, would 

reveal a difference. But if my preliminary data are accurate, then PIP3 appears to bind 

124 



both open and closed channel states. Still, more single channel data are required, as well 

as the construction of more complex models to fit the data. 
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Figure 20: Calmodulin vs. PIP3 Inhibition of Olfactory CNG Channels (A) 

Calmodulin inhibition, PIP3 inhibition, and removal of amino acids 61-90 in the N-

terminus all have similar effects on the cAMP sensitivity of CNGA2 channels. Shown are 

activation curves for CNGA2 channels before (Ctrl) and after (+CaM) calmodulin 

exposure (top), with (wtA2) or without (-(61-90)A2) residues 61-90 in the amino 

terminus (middle), and before (Ctrl) or after PIP3 ( +PIP3) exposure (bottom). Solid lines 

are fits to the Hill equation with the following parameters (K112 in f1M, n): top panel, Ctrl 

= 43.4, 1.8, +CaM = 645, 1.4; middle panel, wtA2 = 45, 1.5, -(61-90)A2 = 981, 1.7; 

bottom panel, Ctrl = 20, 2.0, +PIP3 = 996, 1.6. Top panel modified from reference 161, 
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middle and bottom panels are my data. (B) Calmodulin and PIP3 produce distinct effects 

on CNGA2/A4/B1b channels. Shown are activation curves before (Ctrl) and after 

(+CaM) exposure to Ca2+/CaM (top panel) and before (Ctrl) and after ( +PIP3) exposure 

to PIP3 (bottom panel). Solid lines are fits to the Hill equation using the following 

parameters (K 112, n): top panel, Ctrl = 3.2, 1.6, +CaM= 63, 1.7; bottom panel, Ctrl = 6.4, 

2.8, +PIP3 = 48.4, 1.8. Top panel modified from reference 161. Bottom panel is my data. 
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3.5 Interplay between PIP3 and calmodulin 

inhibition. 

As discussed above, the mechanism underlying PIP3 and Ca2+/CaM inhibition of 

CNGA2 channels appears to be identical. Our data also suggest that PIP3 can partially 

prevent Ca2+/CaM from binding to theN-terminus of CNGA2 subunits (Figure 19). I was 

unable to determine whether previous exposure of CNGA2 channels to Ca2+/CaM could 

prevent PIP3 inhibition or binding, because PIP3 was ineffective at the free calcium 

concentrations required to maintain Ca2+/CaM binding (10-20 flM). Little is known about 

this effect, but it may involve the ability of divalent cations to stabilize the formation of 

large liposome clusters or sheets by neutralizing the normally repulsive interactions 

between highly negatively charged headgroups. 

For heteromeric channels, PIP3 and Ca2+/CaM interact with different subunits and 

produce distinct changes in channel function. While PIP3 inhibition requires the 

calmodulin binding motif in CNGA2, Ca2+/CaM inhibition requires the presence of IQ

like calmodulin binding motifs in both CNGA4 and CNGB 1 b. Still, PIP3 prevents 

Ca2+/CaM inhibition, even in ~60-90A2/A4/B1b mutant channels that are not affected by 

PIP3. We also found that PIP3 can almost completely block Ca2+/CaM binding to theN

terminus of CNGB1b, and partially block Ca2+/CaM binding to the C-linker region of 

CNGA4. The fact that PIP3 can block Ca2+/CaM binding without altering channel 

function suggests a possible mechanism for Ca2+ /CaM inhibition of heteromeric 
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channels, which until now has remained a mystery. I propose that Ca2+/CaM normally 

facilitates an interaction between the N-terminus of CNGBlb and the C-linker of 

CNGA4, which leads to decreased channel sensitivity. PIP3 binding to the IQ-like motifs 

blocks Ca2+/CaM inhibition by preventing this interaction from forming. This idea can be 

tested by fluorescently modifying cysteines introduced within the C-linker of CNGA4, 

and measuring changes in FRET with a fluorophore appended to the N-terminus of 

CNGBlb. A possible biochemical approach would involve, for example, incubating 

western blots carrying the CNGA4 C-terminus with solutions containing epitope-tagged 

CNGBlb N-terminals in the presence or absence of Ca2+/CaM. If my model is correct, 

The CNGBlb fragment will only be detected on the gel in the presence of Ca2+/CaM. The 

presence of PIP3 would be expected to inhibit this interaction. 

3.6 Physiological implications of PIP3 Inhibition 

The idea that PIP3 regulation of olfactory CNG channels plays a role in the 

odorant response is relatively new, and little work has been done to confirm or deny the 

possibility. The identification of a region in CNGA2 that is necessary for PIP3 inhibition 

of heteromeric channels is a significant step toward a more refined understanding of the 

physiological role of PIP3 modulation. Further refining the molecular determinants of 

PIP3 inhibition may eventually allow studies with transgenic animals expressing PIP3-

insensitive CNGA2 subunits. This will reveal the behavioral consequences of loss of PIP3 

inhibition. A more immediate avenue for understanding the physiological role of PIP3 

involves work with isolated slices of olfactory epithelium305. Staining of such slices for 

the various isoforms of PI3K would reveal where in the cell PIP3 synthesis can occur. 
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The introduction of fluorescent PIP3 binding proteins into neurons in slice preparations 

would also help identify the cellular locations and dynamics of odorant-stimulated PIP3 

synthesis. Recordings from slices may allow investigators to test the involvement of both 

odorant and non-odorant receptors in PIP3 synthesis and CNG channel inhibition. 

PIP3 and Ca2+/CaM produce quantitatively different effects on heteromeric 

olfactory CNG channel activity, which suggests that they serve very distinct roles in 

OSNs. In isolated patches, PIP3 not only decreased the cAMP sensitivity of heteromeric 

olfactory CNG channels by about 8-fold, it also reduced the efficacy of cAMP by about 

30-50% (Figure 18). Therefore, in OSNs PIP3 inhibition would be expected to not only 

shift the odorant sensitivity but also reduce the maximum amount of calcium that enters 

the cilia with saturating odorant doses. This effect differs from that seen with Ca2+/CaM 

inhibition, which leads to a 20-fold decrease in the cAMP sensitivity but no change in the 

efficacy of cAMP160
. Physiologically, the large shift in cAMP sensitivity following 

Ca2+ /CaM inhibition is vital for rapid adaptation to high levels of background 

odorants65
·
164

• By only shifting channel sensitivity, Ca2+/CaM decreases the response to 

the present concentration of background odorant, while still allowing increases in the 

level of odorants to trigger a maximal OSN response. While the role of PIP3 may overlap 

that of Ca2+ /CaM, the dramatic decrease in cAMP efficacy caused by PIP3 is an 

additional level of control that is not necessarily useful for rapid adaptation. 

Instead of regulating sensory adaptation, PIP3 inhibition may play a protective 

role in OSNs. Spehr et a/180 reported that PI3K inhibition in OSNs resulted in enhanced 

calcium influx only when OSNs were exposed to complex odorant mixtures containing 

over one hundred distinct compounds. Therefore PIP3 does not appear to be important for 
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regulating the response to simple odorants, but may be important for limiting calcium 

influx in the presence of large concentrations of mixed odorants. The results of Kawai & 

Miyachi suggest that high concentrations of odorant molecules destabilize the plasma 

membrane by decreasing its resistance314
. Perhaps PIP3 inhibition of olfactory CNG 

channels serves as a mechanism for preventing potentially toxic levels of calcium influx 

under conditions where many ions are already passing through the membrane. 

In any case, why would PIP3 prevent further channel inhibition by Ca2+/CaM? It 

is possible that this phenomenon is a result of exogenous PIP3 accumulating in patches to 

levels never found in OSN membranes. However, since very brief exposures to PIP3 (10 

seconds or less) were often sufficient to cause inhibition and block Ca2+/CaM 

modulation, this explanation seems unlikely. Perhaps the ability of the IQ-like motifs to 

bind PIP3 is a side effect of such domains that leads to no real benefit or harm in OSNs, 

thus there exists no evolutionary pressure to eliminate the phenomenon even though it 

serves no purpose. Alternatively, since the combined effect of PIP3 and Ca2+/CaM 

inhibition might leave channels completely unresponsive to odorants, the occlusion of 

Ca2+/CaM inhibition by PIP3 may serve to maintain some level of responsiveness to 

simple salient odors within a background of mixed chemicals. Finally, if PIP3 regulation 

of olfactory CNG channels does not occur in the cilia, the interplay with Ca2+/CaM 

regulation may not be relevant. Much more investigation is required to make any strong 

conclusions. 

One important question is how PIP3 is produced in the OSNs. Spehr et al provide 

evidence that PIP3 is synthesized following an odorant-stimulated increase in PI3K 

activity180
. Our current understanding of odorant receptor function, which states that 
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odorant binding triggers activation of a G alpha protein which stimulates AC activity, 

provides no explanation for this effect. Perhaps the beta or gamma subunits of the 

olfactory G protein can stimulate PI3K activity. Alternatively, other receptor proteins 

may become activated with high levels of complex odorants. Mary Lucero's work shows 

that activation of purine receptors in OSN membranes can lead to decreased cyclic 

nucleotide channel activation, and that supporting cells in the olfactory epithelium may 

release A TP to modulate olfactory signaling through purine receptors305
. Yet the results 

of Spehr et al were obtained from isolated neurons, therefore their results could not be 

explained by the release of ATP from supporting cells. Still, it is possible that the 

complex odorants used in their study non-specifically activate purinergic receptors on 

OSNs and stimulate PI3K activity, perhaps by destabilizing general membrane 

structure315
. 
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Chapter 4: Conclusions 

• CNGA2 channels in HEK-293 cells and native olfactory CNG channels may 

reside in cholesterol-rich, lipid raft membrane microdomains. 

• CNGA3 channels in HEK-293 cells do not reside in cholesterol-rich lipid raft 

microdomains. 

• The oligosaccharide, lipid-extracting compound, MBCD, decreases the cyclic 

nucleotide sensitivity of CNGA2 channels at high concentrations and 

physiological temperature. This effect does not appear related to the disruption of 

cholesterol-rich lipid rafts or specific cholesterol-channel interactions. 

• MBCD treatment reduces cAMP synthesis following PGEl stimulation of HEK-

293 cells, which may involve disruption of lipid rafts and membrane-localized 

signaling compartments. 

• PIP3 inhibits olfactory CNG channels through interactions with amino acids 61-90 

of the CNGA2 amino terminus. 

• PIP3 inhibition of both homomeric and heteromeric olfactory CNG channels may 

result from a disruption of CNGA2 intersubunit autoexcitatory interactions. 

• PIP3 occludes Ca2+/CaM inhibition of olfactory CNG channels, in part by directly 

interacting with Ca2+/CaM-binding domains in several channel subunits. 
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Chapter 5: Materials and Methods 

Materials. A mouse monoclonal antibody (CR02H7) raised against the C-terminal 

region of rat CNGA2 (amino acids Y482-E664) fused to a maltose binding protein was 

provided by Dr. U. Benjamin Kaupp. Anti-FLAG M2 monoclonal antibody and anti

flotillin antibodies were obtained from Sigma. Polyclonal antibodies raised against 

caveolin that recognize all 3 caveolin isoforms were from BD Transduction Laboratories 

(Lexington, KY); monoclonal antibodies against the human transferrin receptor were 

from Zymed (South San Francisco, CA); and polyclonal antibodies against GFP were 

from BD Biosciences Clontech (Palo Alto, CA). Prostaglandin El (PGEl) was obtained 

from Calbiochem (San Diego, CA); forskolin, methyl-~-cyclodextrin (MBCD), and 8-(p

chlorophenylthio)-cGMP (CPT-cGMP) were from Sigma-Aldrich (St. Louis, MO). 

Statistical Analysis. To determine whether the data obtained following experimental 

manipulations significantly differed from control conditions, two-tailed t-tests were 

performed using either SigmaStat (SPSS Inc., IL) or Excel (Microsoft Inc., WA) 

software. To compare dose-response relationships, log[K11zl values were used fort-tests, 

since actual K 112 values extrapolated from the Hill equation do not provide a normal 

distribution. 

DNA and Mutagenesis. The wild-type CNGA2 in a pCIS vector was a gift from R. Reed 

(Johns Hopkins University, Baltimore, MD). The 3XFLAG-CNGA2 was made by 

inserting the wtCNGA2 into the p3xFLAG-CMV -7.1 vector (Sigma). CFP-CNGA2 was 

made by inserting the wtCNGA2 gene into the p-ECFPCl vector (BD Biosciences 

Clontech).For electrophysiological studies with PIP3 wild type bovine CNGA3, rat 
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CNGA2, rat CNGA4, and rat CNGB1b, including the 5' and 3' untranslated regions, and 

all chimeras, were cloned into pcDNA3.0 (Invitrogen, Carlsbad, CA). A YFP tagged 

CNGA2 was occasionally used (pEYFP-C1, Clontech, Mountain View, CA) and was 

functionally indistinguishable from the native subunit. Construction of chimeric subunits 

has been described previously, with splice sites after S229, 1277, and R401 in CNGA2, 

and after V276, 1322, and R446 in CNGA3 319
. The A2nA3 chimera was constructed 

using overlapping PCR, with residues 1-140 of CNGA2 spliced to residues 186-706 of 

CNGA3. DNAs encoding the N-terminal regions of rat CNGA2 (residues 1-138) and 

human CNGA3 (residues 1-164) were genetically fused with DNA encoding glutathione

S-transferase (GE Healthcare Biosciences, Piscataway, NJ) as previously described 289
•
320

. 

DNAs encoding the proximal amino-terminal region of bovine CNGB1b (amino acids 

677-764) and the C-linker region of rat CNGA4 (amino acids 271-339) were fused to 

GST to form CNGB1bN and GST-A4CL. 

Cell Culture, Transfection, and Infection. Human embryonic kidney 293 and COS-1 

cells were maintained in 100 mm culture dishes in Dulbecco's modified Eagle's medium 

supplemented with 10% fetal bovine serum and 1-2% penicillin/streptomycin (Invitrogen, 

Carlsbad, CA) ( plus 0.1% Gentamicin (Invitrogen) for cells used in biochemical 

experiments) at 37°C in a humidified atmosphere of 95% air/5% C02• For detergent 

resistance and imaging experiments, cells were transfected at 60 to 80% confluence with 

3 !Jg of DNA combined with 25 !Jl of LipofectAMINE reagent (Invitrogen) in serum-free 

Dulbecco's modified Eagle's medium for 6 to 7 h, and used for experiments 18 to 48 h 

after return to serum-supplemented media. For electrophysiology, Cells were transfected 

with either Fugene 6 (Roche) in a 2.5 !Jg DNA: 15 !Jl Fugene reagent ration, or with 
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Effectene (Qiagen) by combining 650 !Jg of total DNA with 5.2 !Jl of enhancer and 16.25 

!Jl of effectene reagent. For both the Fugene and Effectene protocols, tranfection mixes 

remained on the cells for 18-72 hrs, until the time of recording. Equal amounts of the 3 

different subunits were transfected for heteromeric channel expression. For adenoviral 

infection, HEK-293 cells were maintained in MEM (Life Technologies Inc.) 

supplemented with 26.2 mM NaHC03, 10% (vol/vol) FBS (Gemini), penicillin (50 

!Jglml), and streptomycin (50 !Jglml), pH 7.0, at 3T C in a humidified atmosphere of 

95% air and 5% C02. Cells were plated at 60% confluence in 100-mm culture dishes 24 

h before infection with the CNG channel-encoding adenovirus constructs (multiplicity of 

infection = 10 plaque forming units per cell). 2 h after infection, hydroxyurea was added 

to the cell media at 2 mM final concentration to partially inhibit viral replication. 24 h 

after infection cells were detached with PBS containing 0.03% EDTA, resuspended in 

serum-containing medium, and assayed within 12 h. 

Detergent Extraction and Cholesterol Depletion. To assess detergent insolubility, cells 

from a single confluent 100 mm culture dish were homogenized in MES-buffered saline 

(25mM MES, pH 6.5, 150 mM NaCl) containing 1% Triton X-100. The homogenate was 

then centrifuged at 13,400 rpm in a microcentrifuge at 4°C for 30 min. After removal of 

the supernatant, the pellet was resuspended in phosphate-buffered saline (PBS), and both 

the pellet and supernatant were mixed with SDS-PAGE sample buffer. For isolation of 

low-density, Triton X-100-insoluble complexes confluent cells from a single 100-mm 

dish were homogenized in MES-buffered saline containing 1% Triton X-100 (unless 

otherwise indicated), and sucrose was added to a final concentration of 40%. A 5-to-30% 

discontinuous sucrose gradient was layered on top of this detergent extract followed by 
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ultracentrifugation [54,000 rpm in a rotor (Beckman Coulter, Fullerton, CA)] for 18 to 24 

h at 4 oc in a TL-1 00 ultracentrifuge (Beckman Coulter). Successive gradient fractions 

were collected from the top and subjected to SDS-PAGE and Western blot analysis. 

Cholesterol depletion for detergent resistance assays was achieved by incubating cells for 

1 h in 2% methyl-~-cyclodextrin in serum-free media at 37°C, with shaking every 5 min. 

Preparation of crude olfactory membranes was performed by scraping the epithelial 

lining from the nasal turbinates into a sucrose phosphate solution containing protease 

inhibitors and centrifuged at 1000 rpm to remove bone or cartilage. The pellet was 

removed and the supernatant was centrifuged at 13,000 rpm in a Beckman Coulter 

JA25.5 rotor. The resulting pellet was resuspended in PBS. Raft preparations of rat nasal 

membranes were performed with 3% Triton X-100. For deglycosylation, samples of rat 

nasal membranes containing 20 11g of protein were incubated with 500 units of N

glycosidase F (New England Biolabs, Beverly, MA) for 1 h at 37°C. 

Protein and Cholesterol Measurements. The protein concentration of cell lysates and 

sucrose gradient fractions was determined with a Bradford protein assay kit (Bio-Rad, 

Hercules, CA). The total cholesterol in sonicated cell lysates and density-gradient 

fractions was determined using a liquid chromatography-mass spectroscopy (MS) 

protocol developed by the Pharmacokinetics Core Laboratory in the Department of 

Physiology and Pharmacology at Oregon Health and Science University. The protocol is 

a modified version of the method employed by Trinder et az321
• 120 111 of isopropyl 

alcohol was added to each 100 111 sample. After addition of 1000 ng of d6-cholesterol as 

an internal standard, samples were hydrolyzed in 1 ml of ethanolic potassium hydroxide 

(25: 1) at l00°C for 5 min, and cholesterol was then extracted in 2 ml of hexane. The 
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Pharmacokinetics Core Laboratory performed positive atmospheric pressure chemical 

ionization-MS with an ion trap mass spectrometer (LCQ Advantage; Thermo Finnigan, 

San Jose, CA), which gave a predominant ion for cholesterol at 369 [MH+-H20]. A 

tandem MS transition from 369 to 243 was monitored in a selected-reaction monitoring 

scan event (for d6-cholesterol, the transition from 375 to 249 was monitored). The 

atmospheric pressure-chemical ionization interface was operated using the following 

settings: sheath and aux gas flow rates, 70 and 29, respectively; vaporizer temperature, 

450°C; and capillary temperature, 225°C. Cholesterol concentrations were calculated by 

comparing the area ratio of unknowns to standard curves generated with cholesterol 

oleate (0-2000 ng) and 1000 ng of d6-cholesterol. For some experiments, cholesterol was 

measured using the Amplex Red assay kit from Molecular Probes. The absolute 

cholesterol amounts reported by the two different methods at each timepoint varied, but 

when the absolute values at each time point were expressed relative to the total amount at 

time 0, the two methods produced nearly identical results. 

Immunoprecipitation. HEK-293 cell membranes or rat nasal membranes were 

solubilized in 10 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100, and 60 mM octyl

glucoside, supplemented with protease inhibitors (complete tablets; Roche). After 

incubation for 45 min at 4 °C, the solubilized membranes were centrifuged in a 

microcentrifuge at 13,400 rpm for 15 min at 4°C. Solubilized membranes were then 

incubated with polyclonal anti-caveolin (1:500) or monoclonal anti-CNGA2 (1:250) 

antibody overnight at 4°C with gentle mixing. The next day, 250 111 of a 1:5 dilution of 

Sepharose-conjugated protein A (anti-caveolin) or protein G (anti-CNGA2) beads 

(Sigma) was added, and the samples were incubated for 3 h at 4 oc with gentle mixing. 
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The beads with bound antibody-antigen complex were pelleted and washed three times 

with 0.5% Triton X-100, 150 mM NaCl, 50 mM Tris-Cl, 1 mM EDTA pH 7.5, followed 

by a wash in 1% Triton X -100. The final pellet was resuspended in 40 111 of PBS and 

SDS-PAGE sample buffer, briefly centrifuged to remove the beads, then subjected to 

SDS-PAGE and Western Blot analysis. 

Immunostaining. For immunofluorescent labeling of caveolin cells were fixed and 

permeabilized before incubation with anti-caveolin antibodies (1 :500). After incubation 

in biotinylated secondary antibody (1 :200), the staining was visualized with a Cy3-

conjugated streptavidin (1 :500). The secondary antibody and streptavidin were obtained 

from Jackson Immunoresearch Laboratories Inc. (West Grove, PA). Imaging was 

performed on a Zeiss Axiovert 200 M microscope equipped with standard 

epifluorescence and a Photometries Cool Snap HQ charge-coupled device camera (Roper 

Scientific, Trenton, NJ). 

Detection of CNG Channel Activity in Cell Populations. The fluorescent indicator 

fura-2 was used to monitor Ca2
+ influx through CNGA2 channels in cell suspensions. 

HEK 293 cells were infected with an adenovirus construct encoding a CNGA2 channel 

containing two mutations, C460W and E583M, that increase cAMP sensitivity and 

decrease cGMP sensitivity, respectively116
•
200

. Cells were loaded with 4 11M fura-2/AM 

(the membrane-permeant form) and 0.02% pluronic F-127 at room temperature for 30-40 

min in a buffer containing Ham's F-10 medium supplemented with 1 mg/ml BSA 

fraction V (BSA, Fisher) and 20 mM HEPES, pH 7.4. Cells were washed twice, then 

resuspended in a solution containing the following (in mM): 145 NaCI, 11 d-Glucose, 10 

HEPES, 4 KCl, 1 CaCb, 1 MgCb, and 1 mg/ml BSA, pH 7.4 (3-4 X 106 cells /3 ml 
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buffer solution), and assayed using an LS-SOB spectrofluorimeter (Perkin Elmer). 

Additions were made by pipetting stock solutions into a stirred cuvette. The mixing time 

was estimated to be on the order of 5 s. Fluorescence was measured at an excitation 

wavelength of 380nm and an emission wavelength of 510 nm. Under these conditions, 

Ca2
+ influx causes a decrease in fluorescence (~F), which was expressed relative to the 

pre-stimulus fluorescence (FO) to correct for variations in dye concentration, and to allow 

for comparison of results on different batches of cells. Data were sampled at 0.5 Hz and 

filtered at 0.1 Hz. After fura-2loading, some cells were exposed to 2% MBCD for 1 h or 

2% MBCD along with 1 mM cholesterol, whereas control cells were otherwise treated 

identically. 

Patch Clamp Recordings. HEK-293 cells were lifted into room temperature normal 

media 18-72 hours following transfection, and used for recording within 6 hours. Cell 

aliquots were added to a bath solution containing, in mM: 130 NaCl, 5 KCl, 20 Hepes, 

0.5 EDT A, 5 MgClz, 2 CaClz. pH 7 .4. Pipettes were filled with a solution matching that in 

the bath, without MgClz and CaClz, and had resistances ranging from 1.5-4.0 MQ. 

Following the formation of a GQ seal, inside-out patches were excised and placed in 

front of a perfusion head controlled by a Biologic RSC-100 rapid solution changer 

(Molecular Kinetics, Pullman, W A). Patches were first washed in a solution containing, 

in mM, 130 KCl, 5 NaCl, 20 Hepes, 0.5 EDTA pH 7.4, then exposed to varying 

concentrations of cAMP and cGMP (Sigma, St. Louis, MO) dissolved in the perfusion 

solution. Dose-response curves were generated by subtracting the current recorded at +50 

mV in cyclic nucleotide-free solution from the current recorded in the presence of cyclic 

nucleotide at the same voltage. The leak-subtracted currents were normalized to the 
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current elicited by 1 mM cGMP. Curves are fits to the Hill equation, I!Imax = Cn/[Cn + 

(Kl!2t], where C is the cyclic nucleotide concentration and n is the Hill coefficient. For 

Ca2+/CaM experiments, perfusion solutions typically contained 250 nM bovine brain 

calmodulin (Sigma), 2 mM NTA instead of EDT A, and 704 flM total CaCh (50 f1M free 

Ca2+). All phosphoinositides were obtained from Matreya LLC (Pleasant Gap, PA) as 

sodium salts, and reconstituted with water to stock concentrations of 100 f1M. The stock 

solutions were sonicated at low power for 30 min on ice, and stored at -20°C. Perfusion 

solutions containing phosphoinositides were sonicated for an additional 30 min before 

use. Recordings were made with a CV20 1 headstage attached to an Axopatch 200A 

amplifier and a Digidata 1200 interface (Molecular Devices, Corp., Sunnyvale, CA). 

Currents were sampled at 10kHz and digitally filtered at 1 kHz. 

PLEASE NOTE: The following methods were performed by members of Michael 

Varnum's lab. 

PIP3 Binding and CaM Overlay Assays. Expression of recombinant protein in bacteria 

and purification were carried out as previously described 289
•
320

. Briefly, cells were 

harvested and resuspended in bufferS [50 mM Tris-HCl (pH 7.8), 150 mM NaCl, 25 mM 

imidazole, 1% NDSB (Calbiochem, San Diego, CA), 0.5% CHAPS, and 0.25% Tween 

20] containing protease inhibitors (Roche Applied Science), then lysed using a French 

pressure cell (SLM Instruments, Rochester, NY) or sonication. Soluble proteins were 

isolated by centrifugation at 20,000 X g and 4 oc for 30 min. GST fusion proteins were 

purified using glutathione-Sepharose beads (Amersham Biosciences ). Purified GST

fusion proteins were used for in vitro PIP3-binding assays in buffer containing 10 mM 
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HEPES (pH 7.4), 150 mM NaCl, 5 mM EDTA and 0.25% NP40. PIP3-agarose beads and 

the GST-Grp1PH positive-control protein were from Echelon Biosciences. 50 Jll of a 

50% slurry of PIP3 beads and purified protein (2 Jlg/ml) were incubated in 0.5 ml of 

binding buffer for 2 hours at 4 oC with rocking. Beads were gently pelleted and washed 

five times with excess binding buffer; PIP3-interacting proteins were eluted with 1x 

NuPAGE sample buffer (Invitrogen). Protein samples were then separated under 

reducing conditions in 4-12% B is-Tris gels and blotted onto nitrocellulose using the 

NuPAGE transfer buffer system (Invitrogen). Blotted proteins were detected using B-14 

anti-GST monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution 

of 1:2000 in 1% milk/TTBS, HRP-conjugated anti-mouse IgG secondary antibody and 

the SuperSignal West Dura Extended Duration chemiluminescence substrate (Pierce 

Biotechnology, Rockford, IL). 

Calmodulin-overlay assays were carried out essentially as described previously152
. After 

blotting, GST-fusion proteins were probed for 1 hr. at room temperature with 

recombinant FLAG-tagged calmodulin (at- 50 nM) in 10 mM HEPES (pH 7.4), 150 mM 

NaCl, 0.5% NP-40, 0.5% BSA, 2 mM NTA and 170 11M CaCh (10 11M free Ca2+), either 

with or without prior and concomitant incubation with 100 11M PIP3. Bound calmodulin 

was visualized using M2 anti-FLAG antibody (Sigma) and the calmodulin signal was 

quantified using Kodak 1D Image Analysis Software (Eastman Kodak, New Haven, CT). 

Blots were subsequently stripped and reprobed with an antibody against GST to ensure 

that equivalent amounts of fusion protein were blotted in all lanes. Control western blots 

for CaM demonstrated that incubation with PIP3 did not interfere with antibody binding 
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or blot processing (data not shown). Inhibition of CaM binding 1s expressed as a 

percentage reduction compared to control ± SEM. 
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Appendix: Supplemental Figures 

A IPWith: 

No Anti-
+ Primary CNGA2 Probe: 

50k0 -~- -~~Fiotillin1 
50 kD - - Flotillin 2 ....._ ______ _. 

* Denotes the Heavy lgG band 

B IPWith: 

+ 
~ 

100k0 CNGA2 

50k0 ~ Flotillin 1 

* SOkD -Fiotlllln 2 

* Denotes the Heavy lgG band 

c IPWith: 

Anti- Anti-
+ CNGA2 Flotillin 1 Probe: 

80kD - CNGA2 

SOkD -

* Denotes the Heavy lgG band 

Supplemental Figure 1: CNGA2 does not directly bind or colocalize with flotillin 1 

or 2. (A) Same samples as in Figure 7B probed with monoclonal antibodies against 

flotillin 1 and flotillin 2. (B) Solubilized membranes from rat nasal tissue (200 mg) were 

immunoprecipitated with anti-flotillin 1 (1:125) or anti-CNGA2 (1:125) antibodies. 

Western blots of the immunoprecipitates were probed with the antibodies listed on the 

right side of the blots. (C) Solubilized membranes from HEK-293 cells transfected with 

FLAG-CNGA2 were immunoprecipitated with anti-flotillin 1 (1: 125) or anti-CNGA2 
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(1: 125) antibodies. Western blots of the immunoprecipitates were probed with the 

antibodies indicated on the right side of the blots. (D-E) HEK-293 cells transiently 

expressing YFP-CNGA2 were immunofluorescently labeled with anti-flotillin 1 (D, 

1:250) or anti-flotillin 2 (E, 1:250) antibodies and a Cy3-conjugated secondary antibody. 

YFP-CNGA2 alone is green, antibody labeled flotillin is red, and any overlap is yellow. 
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Supplemental Figure 2: Cyclodextrin reduces PGEl- and forskolin-stimulated 

whole-cell cAMP production. Untreated HEK293 cells and cells treated with 2% 

methyl-P-cyclodextrin were stimulated for 5 min with 100 nM prostaglandin E1 (PGE1), 

10 ~-tM prostaglandin E1, or 5 mM forskolin (FORSK) and whole-cell cAMP levels were 

measured with an enzyme-coupled immunoassay (Amersham Biosciences). cAMP levels 

are expressed relative to the amount of protein in celllysates and as a percentage of the 

per protein levels in unstimulated controls. 100 nM prostaglandin E1 did not stimulate an 

increase in whole-cell cAMP over the levels measured in unstimulated controls. 
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Supplemental Figure 3: PIP2 inhibits CNGA2 channels. Shown is the dose-response 

relationship of a single patch containing CNGA2 channels before (e) and after (0) 

exposure to 10 11M PIP2 (Sigma). Solid lines are fits to the Hill equation with the 

following parameters: before PIP2, K 112 = 4.2 IJM, n = 1.3; after PIP2, K 112 = 24.6 IJM, n = 

2.8. Data are representative of 4 individual patches. 
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