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Stoichiometry and Assembly of Olfactory
Cyclic Nucleotide-Gated Channels

voltage-activated potassium channels, CNG channels
are tetramers, composed of four subunits around a
centrally located pore. Each subunit contains six trans-
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membrane segments with intracellular amino- and car-Box 357290
boxy-terminal domains that are accessible to cytosolicUniversity of Washington School of Medicine
modulators (Matulef and Zagotta, 2003). The native ol-Seattle, Washington 98195
factory CNG channels are composed of three types of
subunits, CNGA2, CNGA4, and CNGB1b (Bonigk et al.,
1999; Bradley et al., 1994, 2001; Dhallan et al., 1990;Summary
Goulding et al., 1992; Liman and Buck, 1994; Munger
et al., 2001; Sautter et al., 1998). Whereas the CNGA2Native ion channels are precisely tuned to their
subunit can form functional homomeric channels whenphysiological role in neuronal signaling. This tuning
heterologously expressed, the CNGA4 and CNGB1bfrequently involves the controlled assembly of het-
subunits only produce functional channels as het-eromeric channels comprising multiple types of sub-
eromers with CNGA2. However, when expressed withunits. Cyclic nucleotide-gated (CNG) channels of ol-
CNGA2, the CNGA4 and CNGB1b subunits confer afactory neurons are tetramers and require three types
number of important physiological properties on theof subunits, CNGA2, CNGA4, and CNGB1b, to exhibit
heteromeric channel including increased cAMP sen-properties necessary for olfactory transduction. Using
sitivity, altered divalent permeation and blocking prop-fluorescently tagged subunits and fluorescence re-
erties, and more rapid Ca2�/calmodulin modulationsonance energy transfer (FRET), we find the subunit
(Table 1). These properties closely mirror the propertiescomposition of heteromeric olfactory channels in
of native olfactory CNG channels (Bonigk et al., 1999;the surface membrane is fixed, with 2:1:1 CNGA2:
Bradley et al., 2001; Munger et al., 2001; Sautter etCNGA4:CNGB1b. Furthermore, when expressed indi-
al., 1998).vidually with CNGA2, CNGA4 and CNGB1b subunits

CNG channels also play a fundamental role in photo-were still present in only a single copy and, when
transduction, closing in response to the decrease inexpressed alone, did not self-assemble. These results
cGMP concentration triggered by light absorption (Ma-suggest that the precise assembly of heteromeric
tulef and Zagotta, 2003). Rod photoreceptor CNG chan-olfactory channels results from a mechanism where
nels are composed of two types of subunits, CNGA1CNGA4 and CNGB1b subunits have a high affinity
(closely related to CNGA2) and CNGB1 (an alternativelyfor CNGA2 but not for self-assembly, precluding more
spiced variant of CNGB1b) (Brown et al., 1995; Chen etthan one CNGA4 or CNGB1b subunit in the channel
al., 1993, 1994; Kaupp et al., 1989; Korschen et al., 1995).complex.
As in olfactory channels, the heteromeric composition
of rod channels optimizes many of its properties for

Introduction light detection (Bauer, 1996; Chen et al., 1994; Hsu and
Molday, 1993; Shammat and Gordon, 1999). Surpris-

In olfactory receptor neurons, the binding of odorant to ingly, the stoichiometry of rod channels has recently
surface receptors triggers an elevation in the intracellu- been shown to be three CNGA1 subunits and one
lar concentration of cAMP. This, in turn, causes the CNGB1 subunit (Weitz et al., 2002; Zheng et al., 2002;
opening of cation-selective CNG channels and depolar- Zhong et al., 2002).
ization of the neuron (Zufall and Munger, 2001). The While the assembly of accessory subunits in channels
olfactory CNG channels are specialized for their role in is generally precise, occurring with a fixed stoichiometry
olfactory transduction (Matulef and Zagotta, 2003). They and arrangement in all channels, the assembly of pore-
are tuned to open at physiological levels of cAMP and forming subunits can be either precise or random. Within
can detect even small changes in cAMP concentration a subfamily of voltage-dependent potassium channels,
resulting from the binding of odorant to its receptor. for example, the assembly appears to be nearly random,
Their pore is permeable to both monovalent cations with all combinations and orientations produced (Jan
and to Ca2�, another important second messenger in and Jan, 1997). However, Ach receptor channels form
olfactory transduction. Finally, the channels are inhib- with a precise stoichiometry and arrangement of four
ited by Ca2�/calmodulin (Chen and Yau, 1994; Trudeau different subunit types in a pentamer (Kreienkamp et
and Zagotta, 2003). This Ca2�-dependent negative feed- al., 1995; Sine et al., 1995). This precise assembly seems
back mechanism is thought to mediate olfactory adapta- to be controlled, at least in part, by specific subunit

interactions, with high-affinity interactions favoring as-tion (Kurahashi and Menini, 1997).
sembly and low-affinity interactions precluding it (Li etMany of the specialized properties of olfactory CNG
al., 1992; Xu et al., 1995).channels result from their heteromeric composition. Like

Here, we have determined the stoichiometry of hetero-
meric olfactory CNG channels at the surface membrane*Correspondence: zagotta@u.washington.edu
by using a fluorescence approach. The green fluores-1Present address: University of California at Davis School of Medi-
cent protein mutants, enhanced cyan fluorescent pro-cine, Department of Physiology and Membrane Biology, One Shields

Avenue, Davis, California 95616. tein (eCFP), and enhanced yellow fluorescent protein
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Table 1. Electrophysiological Properties of Homo- and Heteromeric Olfactory CNG Channels

Functional Activation by Block by Ca2�/Calmodulin
Channel Expression 5 �M cAMP Diltiazem Modulation

CNGA2 � - - slow
CNGA4 - NA NA NA
CNGB1b - NA NA NA
CNGA2�CNGA4 � � � slow
CNGA2�CNGB1b � - � slow
CNGA2�CNGA4�CNGB1b � � � fast

Specifics are given in Figure 1 legend and Experimental Procedures.

(eYFP) were fused to the carboxyl terminus of each of centration of cAMP, block by L-cis-diltiazem, and modu-
lation by Ca2�/calmodulin (Table 1). Only channels con-the CNG channel subunits. To determine the stoichiome-

try of the heteromeric channels, we have performed two taining CNGA4 are activated appreciably by 5 �M cAMP,
only channels containing either CNGA4 or CNGB1b arekinds of experiments: (1) we have determined the ratio

of CNGA2:CNGA4 and CNGA2:CNGB1b subunits by di- blocked appreciably by 100 �M L-cis-diltiazem, and only
rectly quantifying the eCFP and eYFP fluorescence in channels containing both CNGA4 and CNGB1b are mod-
the surface membrane, and (2) we have determined ulated rapidly by Ca2�/calmodulin.
which subunits coassemble into the same channel com- To determine the properties of the channels formed
plex by measuring the FRET between eCFP on one sub- with each of the different RNA combinations, we re-
unit and eYFP on another subunit. These experiments corded from the channels using the inside-out configu-
show that the assembly of heteromeric olfactory chan- ration of the patch-clamp technique. Each of the RNA
nels is precise. The CNGA4 and CNGB1b subunits were combinations produced functional channels that dis-
present in only a single copy when expressed individu- played the signature properties expected for a nearly
ally with CNGA2 or when all three subunits are present. pure population of channels with the expected composi-
Furthermore, when expressed by themselves, CNGA4 tion (Figure 1). In particular, all of the heteromeric chan-
and CNGB1b were present at low levels at the mem- nels were blocked appreciably by 100 �M L-cis-diltia-
brane surface but did not self-assemble. These results zem, indicating that few, if any, CNGA2 homomeric
reveal the subunit stoichiometry of the heteromeric channels were formed under these conditions (Figure
channels to be two CNGA2 to one CNGA4 to one CNGB1b 1A, green trace). In addition, only channels from the
subunit and suggest a plausible mechanism for their CNGA2�CNGA4 and CNGA2�CNGA4�CNGB1b com-
precise assembly. binations were activated appreciably by 5 �M cAMP,

indicating the presence of the CNGA4 subunit (Figure
1A, red trace). And finally, virtually all of the channelsResults and Discussion
from the CNGA2�CNGA4�CNGB1b combination, but
not the others, were inhibited rapidly by Ca2�/calmodulinHeteromeric channels were generated by coinjecting
(Figure 1B). These results are consistent with earlierRNAs of the different subunits at defined ratios into
work on the functional properties of these heteromericXenopus oocytes. Three different compositions of het-
channels (Bradley et al., 1994, 2001; Chen and Yau,eromeric olfactory channels were studied: CNGA2�
1994; Finn et al., 1998; Liman and Buck, 1994; MungerCNGA4, CNGA2�CNGB1b, and CNGA2�CNGA4�
et al., 2001) and indicate that each of these combinationsCNGB1b, the presumed native composition. Each of
produced nearly a pure population of functional chan-these channel compositions has a unique signature of

functional properties including activation by a low con- nels with the expected composition. From the Ca2�/

Figure 1. Electrophysiological Properties of
Homo- and Heteromeric CNG Channels

(A) Inside-out patch currents in response to
5 �M cAMP (red) and to 5 mM cAMP without
(black) and with 100 �M diltiazem (green).
(B) Time courses of current inhibition by
Ca2�/calmodulin. Smooth lines are single-
exponential fits.
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Figure 2. The FIR Measurements of the Subunit Ratio of CNGA1�

CNGB1 Channels

Scatter plot of the eCFP intensity (FeCFP) versus the eYFP intensity
(FeYFP) (in arbitrary units), measured from channels formed by (A)
CNGA1-eCFP and CNGB1-eYFP subunits, or (B) CNGA1-eYFP and
CNGB1-eCFP. Each point is from a different oocyte. The red lines are
linear fits to each data set; the green lines represent the fluorescence
intensity ratio after correction for the FRET-induced decrease in
eCFP intensity; the black lines represent predicted fluorescence
intensity ratios for channels of the indicated stoichiometry.

calmodulin modulation data, for example, we estimate
that at least 95% of the functional channels from the
CNGA2�CNGA4�CNGB1b combination must contain

Figure 3. CNGA2�CNGA4 Channels Have a Subunit Ratio of 3:1all three subunits.
(A) Fluorescence intensity ratio plot of channels formed by CNGA2-
eCFP and CNGA4-eYFP subunits.Fluorescence Intensity Ratio Method
(B) Fluorescence intensity ratio plot of channels formed by CNGA2-to Determine Stoichiometry eYFP and CNGA4-eCFP subunits. The lines have the same meaning

To determine the stoichiometry of heteromeric channels as in Figure 2.
at the surface membrane, we have taken a fluorescence (C) The subunit ratio as a function of the injected RNA ratio of CNGA2

and CNGA4. Error bars are 95% confidence limits. Horizontal linesapproach. The fluorescent proteins eCFP and eYFP
represent channel stoichiometries of (from top) 3:1, 2:2, and 1:3,were genetically attached to the carboxyl terminus of
respectively. The smooth curves represent the expected subuniteach of the CNG channel subunits. The fluorescence
ratio for Model I (red), Model II (green), Model III (blue) (see Experi-

signal from fluorescently tagged channels expressed in mental Procedures). The arrow indicates the RNA ratio used else-
Xenopus oocytes was measured using confocal micros- where in this study.
copy. This approach has the advantage that fluores-
cence could be measured in intact cells from only the
mature, properly assembled channels expressed in the to the number of eCFP-tagged subunits. The ratio of

eYFP fluorescence to eCFP fluorescence will thus besurface membrane.
We first determined the ratio of different subunits in proportional to the ratio of eYFP-tagged subunits to

eCFP-tagged subunits. To correct for different excita-the surface membrane using a new method we have
called fluorescence intensity ratio (FIR). With the FIR tion laser intensities and different extinction coefficients

and quantum yields of the fluorophores, a similar mea-method, eCFP is fused to one subunit and eYFP is fused
to another subunit. eCFP was excited with a 458 nm surement is made with eCFP and eYFP exchanged be-

tween subunits, putting eCFP on the subunit that usedlaser, and eYFP was excited with a 488 nm laser. The
intensity of the eYFP fluorescence will then be propor- to have eYFP and vice versa. By comparing the two

fluorescence ratios, one can calculate the correctiontional to the number of eYFP-tagged subunits, and the
intensity of the eCFP fluorescence will be proportional factor to account for the different intensities of the indi-
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vidual fluorophores and thereby calculate the ratio of
subunits at the surface membrane (see Experimental
Procedures).

Figure 2 illustrates an example of the use of this ap-
proach to determine the ratio of CNGA1 and CNGB1
subunits in the rod CNG channel. The fluorescence in-
tensity of eCFP and eYFP was determined in oocytes
expressing either CNGA1-eCFP�CNGB1-eYFP (Figure
2A) or CNGA1-eYFP�CNGB1-eCFP (Figure 2B). The
eCFP intensity (FeCFP) versus eYFP intensity (FeYFP) is plot-
ted from a number of oocytes with a range of fluores-
cence intensities and therefore expression levels. Also
plotted are the predictions of CNGA1:CNGB1 ratios of
3:1, 2:2, and 1:3 (see Experimental Procedures). Clearly,
the FIR method indicated a subunit ratio of 3:1, consis-
tent with the stoichiometry of the rod channel deter-
mined from biochemical and FRET studies (Weitz et al.,
2002; Zheng et al., 2002; Zhong et al., 2002).

One potential concern with the FIR method is the
presence of FRET in these channel complexes. Indeed,
eCFP and eYFP have previously been shown to function
as a FRET pair (Miyawaki et al., 1997; Patterson et al.,
2000), and FRET has been shown to occur in the CNGA1-
eCFP�CNGB1-eYFP channels (Zheng et al., 2002).
While this FRET would not affect the intensity of eYFP,
the FRET acceptor, it is expected to attenuate the inten-
sity of eCFP, the FRET donor. This is particularly a con-
cern for CNGA1-eYFP�CNGB1-eCFP, where potentially
three acceptors would be capable of quenching the
eCFP fluorescence. To determine the extent of this
quenching, we have determined the effective FRET effi-
ciency by measuring the FRET ratio (Erickson et al.,
2001; Zheng and Zagotta, 2003) (see Experimental Pro-
cedures). These calculations reveal that the fluores-
cence intensity of eCFP is only quenched �24% in
CNGA1-eYFP�CNGB1-eCFP channels. The correction
of the data for this effect produced a minimal change
in the graph (Figure 2B, green line) and does not affect
the determination of the subunit ratio. Figure 4. CNGA2�CNGB1b Channels Have a Subunit Ratio of 3:1

The native olfactory channel is composed of three (A) Fluorescence intensity ratio plot of channels formed by CNGA2-
types of subunits, CNGA2, CNGA4, and CNGB1b. To eCFP and CNGB1b-eYFP subunits.
begin to determine the stoichiometry of these subunits (B) Fluorescence intensity ratio plot of channels formed by CNGA2-

eYFP and CNGB1b-eCFP subunits. The lines have the same mean-and gain insights into the mechanism of assembly, we
ing as in Figure 2.measured the ratio of CNGA2 and CNGA4 subunits for
(C) The subunit ratio as a function of the injected RNA ratio of CNGA2CNGA2�CNGA4 channels in the surface membrane
and CNGB1b. Error bars are 95% confidence limits. Horizontal lines(Figures 3A and 3B). Surprisingly, the CNGA2:CNGA4
represent channel stoichiometries of (from top) 3:1, 2:2, and 1:3,

ratio in CNGA2�CNGA4 channels was 3:1, just like respectively. The smooth curves represent the expected subunit
CNGA1:CNGB1 in the rod channel. Previously, based on ratio for Model I (red), Model II (green), Model III (blue) (see Experi-
dimer studies, the stoichiometry of the CNGA2�CNGA4 mental Procedures). The arrow indicates the RNA ratio used else-

where in this study.channels was proposed to be 2:2 with an A2-A2-A4-A4
arrangement (Shapiro and Zagotta, 1998). While the
CNGA2�CNGA4 channels do contain neighboring CNGA2

were used, the subunit ratio CNGA2:CNGA4 in the mem-subunits as predicted, only a single copy of the CNGA4
brane increased steeply above 3. This reflects the forma-subunit is present per channel, suggesting that the di-
tion of homomeric CNGA2 channels at these high RNAmers were not incorporated as expected in the intact
ratios. The dependence of the subunit ratio on the RNAchannel.
ratio is consistent with a model where all of the CNGA4The CNGA2:CNGA4 ratio in the membrane was calcu-
subunits preferentially assemble into CNGA2�CNGA4lated from oocytes with different ratios of injected RNA.
channels with a stoichiometry of 3:1, and only excessA subunit ratio of 3 was determined over a range of RNA
CNGA2 subunits assemble into homomeric CNGA2ratios that have been shown previously to produce a
channels (Figure 3C, blue line; Model III, see Experimen-functionally pure population of heteromeric CNGA2�
tal Procedures). This model suggests that the CNGA4CNGA4 channels (Figure 3C, the red arrow indicates the
subunits have a high affinity for CNGA2 subunits duringRNA ratio used elsewhere in this study; Shapiro and

Zagotta, 2000). When higher RNACNGA2:RNACNGA4 ratios assembly but cannot occur in more than a single copy
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Figure 5. Determination of Channel Stoichi-
ometry with FRET

(A) Diagram of the FRET experimental design.
A red arrow indicates FRET between eCFP
(cyan) and eYFP (yellow).
(B) Spectral quantification of the FRET effi-
ciency. Emission spectra measured from an
oocyte expressing CNGA2-eCFP, CNGA2-
eYFP, and CNGB1b subunits are color-coded
as follows: red, 458 nm excitation; black, 488
nm excitation (F488); blue, standard eCFP
emission spectrum; green, subtracted spec-
trum (difference between red and blue, F458).
(C) RatioA measured over a range of wave-
lengths.

in the channels at the surface membrane. The data are ratio of subunits in the channel. To determine the stoichi-
ometry of the heteromeric channels more directly, weinconsistent with other models assuming random as-

sembly of CNGA2 and CNGA4 (Figure 3C, green and have used an approach based on FRET. FRET reports
the proximity of two fluorophores (Clegg, 1992; Selvin,red lines; Models I and II, see Experimental Procedures).

As for the CNGA1�CNGB1 channels, the calculated 1995). Light energy absorbed by a donor fluorophore is
transferred to a nearby acceptor fluorophore, whosesubunit ratio was not significantly altered by FRET, and

the deduced stoichiometry is further supported by the absorption spectrum overlaps the emission spectrum
of the donor. The efficiency of energy transfer falls offFRET experiments discussed below.

We performed similar experiments to determine the with the sixth power of the distance between the donor
and acceptor molecules, making FRET a sensitive re-ratio of CNGA2 and CNGB1b subunits for CNGA2�

CNGB1b channels in the surface membrane (Figures 4A porter of proximity. The fluorescent proteins eCFP and
eYFP have previously been shown to function as a FRETand 4B). As previously shown for the CNGA1�CNGB1

channels (Figure 2), the CNGA2:CNGB1b subunit ratio pair with a characteristic distance for 50% transfer effi-
ciency (R0) of approximately 50 Å (Miyawaki et al., 1997;was also determined to be 3:1. This is not surprising,

because the CNGA2 subunit is 70% similar to the Patterson et al., 2000). This distance makes them opti-
mal for reporting the presence of two fluorescentlyCNGA1 subunit and the CNGB1b subunit is an amino-

terminal alternatively spiced variant of CNGB1. A ratio tagged subunits in the same channel.
Using this approach, we could determine which sub-of 3:1 was maintained over a range of RNA ratios that

have been shown previously to produce a functionally unit is present in two or more copies in intact het-
pure population of heteromeric CNGA1�CNGB1 chan- eromeric channels at the membrane surface. For chan-
nels (Figure 4C; Shammat and Gordon, 1999). These nels composed of just two types of subunits, the
data are also most consistent with a model where the experimental strategy is shown in Figure 5A. To test
CNGB1b subunit has a high affinity for CNGA2 subunits CNGA2, for example, we have coexpressed CNGA2-
during assembly but cannot occur in more than a single eCFP and CNGA2-eYFP, along with an untagged version
copy in the channels at the surface membrane (Figure of the other subunit that makes up the heteromeric chan-
3C, blue line; Model III). nel (Figure 5A). The occurrence of FRET (red arrows)

indicates the presence of CNGA2 in two or more copies
in the channel. A similar experiment can be done for theFRET Determination of Stoichiometry

The above experiments indicate the ratio of subunits in other type of subunit to determine if it is present in two
or more copies. Since the channel is known to be athe membrane, but they do not show conclusively the

Figure 6. Both the CNGA2�CNGA4 Channel
and the CNGA2�CNGB1b Channel Have a
3:1 Stoichiometry

The FRET efficiencies, expressed as the
mean value of (RatioA � RatioA0) and SEM,
are shown for CNGA2�CNGA4 channels
(A) and CNGA2�CNGB1b channels (B), with
the number of oocytes given in parenthe-
ses. Asterisks indicate significant difference
(p � 0.05).
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tetramer (Liu et al., 1996; Varnum and Zagotta, 1996),
these data are sufficient to establish the stoichiome-
try of the heteromeric channel. We have used this
approach successfully for the rod CNGA1�CNGB1
channel (Zheng et al., 2002) where a stoichiometry of
3:1 was also obtained by the FIR method (Figure 2) and
by biochemical methods (Weitz et al., 2002; Zhong et
al., 2002).

We quantified FRET efficiency using a spectrum ap-
proach (Figure 5B; Clegg, 1992; Selvin, 1995; Zheng et
al., 2002, 2003). Briefly, FRET was measured as emission
of the acceptor (eYFP) during donor (eCFP) excitation
with a 458 nm laser. The eYFP emission spectrum was
extracted from the total spectrum (Figure 5B, red line) by
subtracting the eCFP component using a scaled eCFP
spectrum collected from control oocytes expressing
only eCFP-tagged channels (CNGA2-eCFP) (Figure 5B,
blue line). The ratio of the extracted spectrum (F458,
green line) to the eYFP spectrum from the same oocyte
with direct excitation with a 488 nm laser (F488, black
line) was calculated as RatioA. RatioA was independent
of wavelength (Figure 5C), confirming that the eCFP
component was properly subtracted and we were op-
erating in the linear range of the detector. The RatioA
component due to direct excitation of eYFP by the
458 nm laser (RatioA0) was measured directly from con-
trol oocytes expressing only eYFP-tagged channels
(CNGA2-eYFP) and subtracted from RatioA, yielding a
value (RatioA � RatioA0) that was directly proportional
to FRET efficiency.

We have first used FRET to determine the stoichiome-
try of CNGA2�CNGA4 channels (Figure 6A) and CNGA2�

Figure 7. The CNGA2�CNGA4�CNGB1b Channel Has a 2:1:1 Stoi-CNGB1b channels (Figure 6B). As expected, both het-
chiometry

eromeric channels display significant (p � 0.05) FRET
(A) Diagram of the FRET experimental design. A red arrow indicates

between CNGA2-eCFP and CNGA2-eYFP, indicating FRET between eCFP (cyan) and eYFP (yellow).
the occurrence of more than one copy of the CNGA2 (B) Mean values of (RatioA � RatioA0) and SEM for each experiment,
subunit in the channel. In contrast, the CNGA4 and with the number of oocytes given in parentheses. Asterisks indicate

significant difference (p � 0.05).CNGB1b subunits did not exhibit a significant FRET
signal in their respective channels. This is despite a
robust eCFP and eYFP signal from these membranes.

indicating that these subunits coassembled in theIn addition, both CNGA4-eYFP and CNGB1b-eYFP re-
ceived significant FRET excitation from CNGA2-eCFP heteromeric channels. In fact, the rapid inhibition by
(p � 0.05), indicating that the CNGA4 and CNGB1b sub- calmodulin of nearly all of the current in CNGA2�
units were assembled into heteromeric channels and CNGA4�CNGB1b channels (Figure 1C) strongly sug-
capable of exhibiting FRET (Figure 6). These results indi- gests that virtually all of the channels are composed of
cate that CNGA4 and CNGB1b are present in only a all three subunits. The absence of any detectable FRET
single copy in CNGA2�CNGA4 and CNGA2�CNGB2b signal between CNGA4 subunits and between CNGB1b
channels, respectively. Assuming the channels are tetra- subunits indicates that these subunits are rarely, if
mers, they must therefore have a stoichiometry of 3:1, ever, present in more than a single copy each. These
as also suggested in the fluorescence intensity ratio results, then, indicate the stoichiometry of the CNGA2�
experiments described above. CNGA4�CNGB1b channels is 2:1:1 and is precisely

This approach can also be used to determine the controlled.
stoichiometry of CNGA2�CNGA4�CNGB1b channels,
the composition proposed for the native olfactory chan-

Mechanism of Precise Assemblynel. For these experiments, we coexpressed all three
of Olfactory Channelstypes of subunits, with one subunit present in both an
What mechanism of assembly can account for thiseCFP-tagged and an eYFP-tagged form (Figure 7A). As
precision? One clue comes from our findings from vary-before, the occurrence of FRET indicates that subunit is
ing the RNA ratios. These data were consistent with apresent in two or more copies in the channel. Significant
mechanism where the CNGA4 and CNGB1b subunitsFRET was seen between CNGA2-eCFP and CNGA2-
both have a high affinity for CNGA2 subunits duringeYFP (p � 0.05), but not between CNGA4-eCFP and
assembly but cannot occur in more than a single copyCNGA4-eYFP or between CNGB1b-eCFP and CNGB1b-
in the channels at the surface membrane (Figures 3eYFP (Figure 7B). However, FRET was observed be-

tween CNGA4-eYFP and CNGB1b-eCFP (p � 0.05), and 4). This mechanism suggests that the CNGA4 and
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Figure 8. The CNGA4 Subunit and the CNGB1b
Subunit Express at the Membrane Surface
but Do Not Self-Assemble

(A) Inside-out patch currents from oocytes
expressing the CNGA2, CNGA4, or CNGB1b
subunit in response to 5 mM cAMP. Vertical
scale bar equals 2 nA for the top panel and
0.2 nA for both middle and bottom panels.
(B) Mean fluorescence intensities and SEM
measured from the surface membrane of oo-
cytes expressing the eCFP-tagged subunits.
(C) FRET efficiency expressed as the mean
values of (RatioA � RatioA0) and SEM, with
the number of measurements given in paren-
theses. Asterisks indicate significant differ-
ence (p � 0.05).

CNGB1b subunits cannot self-assemble. We tested this The results from this study suggest a plausible mecha-
nism for the precise assembly of heteromeric olfactoryprediction by recording from oocytes that individually

expressed fluorescently tagged CNGA2, CNGA4, or channels with a stoichiometry of 2:1:1. In the abstract
model in Figure 9, each subunit interacts with its neigh-CNGB1b subunits. As seen previously, CNGA2 formed

functional homomeric channels that produced large bors in a head-to-tail arrangement during channel as-
sembly with a 4-fold or pseudo 4-fold symmetry. Theionic currents in inside-out membrane patches (Figure

8A). In contrast, CNGA4 and CNGB1b did not produce head-to-tail interactions between CNGA2 subunits are
moderately favorable (indicated by gray shading in Fig-functional homomeric channels. Interestingly, CNGA4-

eCFP and CNGB1b-eCFP could be detected at low lev- ure 9A), allowing efficient homomeric channel formation.
In contrast, because of differences in the head or tailels on the surface membrane (Figure 8B). The expression

was approximately 5% of that seen for CNGA2-eCFP structure, the CNGA4 and CNGB1b subunits do not self-
assemble. Instead, these differences make the CNGA4channels and was significantly (p � 0.05) above back-

ground fluorescence. These results suggest that the and CNGB1b subunits interact more favorably with the
CNGA2 subunit (indicated by black shading in FigureCNGA4 and CNGB1b subunits can indeed reach the

membrane surface, albeit inefficiently. 9A). Thus, CNGA2-CNGA4 and CNGA2-CNGB1b dimers
might be expected to form first and then coassembleWe next used our FRET approach to determine if the

CNA4 or CNGB1b subunits that reached the surface to produce the tetrameric channel (Figure 9B). The result
is that virtually all of the CNGA4 and CNGB1b subunitsmembrane were able to self-assemble. As expected, a

significant FRET signal was observed in oocytes ex- are assembled into heteromeric channels and only ex-
cess CNGA2 subunits are available to form homomericpressing only CNGA2 subunits (p � 0.05). Surprisingly,

however, no FRET signal was present in oocytes ex- channels. This is the assembly model fit to the RNA ratio
data in Figures 3 and 4 (blue line). If the CNGA4 andpressing only CNGA4 or only CNGB1b (Figure 8C). For

all of these oocytes, the eCFP and eYFP fluorescence CNGB1b subunits can interact with CNGA2 using only
their head or their tail, this could preclude inclusion ofwas significantly above background, indicating the

presence of both donor and acceptor subunits in the more than one copy of each subunit in the channel, but
still allow one copy of both (Figure 9).surface membrane. Furthermore, the lack of significant

FRET for CNGA4 or CNGB1b could not be the result of Such a model, while speculative, might have a founda-
tion in the channel structure. While a member of thelower expression of these subunits, as the method we

employed expresses FRET as a ratio (RatioA � RatioA0) voltage-gated family of channels, CNG channels do not
contain a tetramerization domain (T1) in their amino-that is insensitive to changes in the level of expression

(Selvin, 1995; Zheng and Zagotta, 2003). These results, terminal region (Varnum and Zagotta, 1997). Instead,
extramembranous intersubunit interactions arise fromthen, suggest that in the absence of CNGA2, the CNGA4

and CNGB1b subunits express at low levels as mono- amino-carboxy terminal interactions (Trudeau and Za-
gotta, 2002a, 2002b; Varnum and Zagotta, 1997; Zhengmers in the surface membrane.
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the first two � helices (A� and B�) of one subunit inter-
acting with the second two � helices (C� and D�) of
the neighboring subunit in a head-to-tail arrangement
around the tetramer. These interactions between C-link-
ers could be the head-to-tail interactions hypothesized
in Figure 9. CNGA4 and CNGB1b differ from CNGA2
at a number of positions involved in this interaction.
Strikingly, a chimeric CNGA4 subunit, containing the
C-linker region of CNGA1, was recently found to form
functional homomeric channels (Zhou and Siegelbaum,
2001). These results provide a structural framework for
understanding the mechanism for the precise assembly
of olfactory CNG channels.

Experimental Procedures

Channel Constructs and Electrophysiology
The rat olfactory CNG channel subunits CNGA2 (formerly CNG2,
olfactory �) (Dhallan et al., 1990), CNGA4 (formerly CNG5, olfactory
�) (Bradley et al., 1994), and CNGB1b (Bonigk et al., 1999) were

Figure 9. Assembly of Olfactory CNG Channel Subunits used in this study. eCFP (enhanced cyan fluorescent protein) and
Red, CNGA2; green, CNGA4; blue, CNGB1b. The model assumes eYFP (enhanced yellow fluorescent protein) (Miyawaki et al., 1997)
that the CNGA2/CNGA4 interface and the CNGA2/CNGB1b interface were genetically attached to the carboxy-terminal end of each sub-
exhibit higher affinities (black shading) than that of the CNGA2/ unit. The fluorescently tagged CNGA2 and CNGA4 subunits had a 21
CNGA2 interface (gray shading). Note that the CNGA4/CNGA4, amino acid linker (Q8IEGRQ8A) between the channel and fluorescent
CNGB1b/CNGB1b, and CNGA4/CNGB1b interfaces provide no protein, and the fluorescently tagged CNGA2 had a deletion of amino
interaction. acids 50–92 in the amino-terminal region. The eCFP and eYFP-
(A) Possible channel compositions. tagged channels exhibited functional behaviors indistinguishable
(B) Mechanism of assembly. from those without fluorescence protein tags. All the constructs

were made with a PCR-based method and confirmed with fluores-
cence-based DNA sequencing. These cDNAs were subcloned into
a high expression vector that contained the untranslated sequence

et al., 2003) and carboxy-carboxy terminal interactions of the Xenopus �-globin gene (Liman et al., 1992). RNA for oocyte
(Matulef and Zagotta, 2002; Zhong et al., 2002, 2003). injections was made with the Message Machine kit (Ambion, Austin,

TX), quantified with gel electrophoresis, and injected at the indicatedThese amino- and/or carboxy-terminal interacting do-
ratios. The fluorescently tagged bovine rod CNG channel subunitsmains could constitute the head and tail domains in
CNGA1 and CNGB1, used here as positive controls, were madeFigure 9. In this regard, it is noteworthy that CNGA4 is
in a similar way and have been described previously (Zheng et

nearly devoid of an intracellular amino-terminal region al., 2002).
(Bradley et al., 1994; Liman and Buck, 1994). In addition, Xenopus oocytes were microinjected with a mixture of CNG chan-
the amino-terminal region of CNGB1 has been shown nel RNAs and incubated for 3–7 days at 16�C prior to recording.

RNA ratios of 2:1 for CNGA2�CNGA4, 1:2 for CNGA2�CNGB1b,to interact favorably with the distal carboxy-terminal
and 2:1:4 for CNGA2�CNGA4�CNGB1b were used in all the experi-region of CNGA1, but not its own carboxy-terminal re-
ments except those shown in Figures 3C and 4C. The RNA ratio ofgion (Trudeau and Zagotta, 2002a, 2002b). These fea-
eCFP- to eYFP-tagged subunits of the same type was 2:1 to ensure

tures might reduce CNGA4 and CNGB1b self-assembly. that most of the eYFP-tagged subunits would coassemble with an
The distal carboxy-terminal region of CNGA1 has also eCFP-tagged subunit if possible. Incorporation of each subunit type
been shown to self-associate into trimers, an interaction was confirmed by fluorescence intensity from the fluorescent pro-

tein tags, as well as by electrophysiological properties.possibly involved in producing the 3:1 stoichiometry of
Macroscopic ionic currents were recorded in the inside-out con-rod CNGA1�CNGB1 channels (Zhong et al., 2003, 2002).

figuration of the patch-clamp technique using an Axopatch 200AA more likely candidate, however, for the intersubunit
patch-clamp amplifier (Axon Instruments, Foster City, CA) driven

interactions involved in assembly is the proximal car- by PULSE software (HEKA) and digitized with an ITC-16 computer
boxy-carboxy terminal interactions. The structural basis interface (Instrutech, Great Neck, NY). The patch membrane was
of these interactions was recently revealed with the elu- held at 0 mV prior to 50 ms steps to �60 mV and �60 mV in the

presence of the indicated solution. Leak currents in the absence ofcidation of the high-resolution structure of the carboxy-
cyclic nucleotide were subtracted. The external (pipette) and internalterminal region of a hyperpolarization-activated cyclic
(bath) solutions contained (in mM) 130 NaCl, 0.2 EDTA, 3 HEPESnucleotide-modulated channel (HCN2) (Zagotta et al.,
(pH 7.2). The internal solution, with cAMP (Sigma) added to a final

2003). HCN2 exhibits about 40% sequence similarity concentration of up to 5 mM, was applied with an RSC-200 solution
with the CNG channels in this region and is also modu- changer (Molecular Kinetics, Pullman, WA). L-cis-diltiazem (BIOMOL
lated by cyclic nucleotides (Robinson and Siegelbaum, Research Laboratories) was applied at a final concentration of 100

�M in 5 mM cAMP solution. For the Ca2�/calmodulin experiments2003). The carboxy-terminal region of each subunit con-
in Figure 1B, the internal solution contained (in mM) 126 NaCl, 0.285tains a cyclic nucleotide binding domain and C-linker
CaCl2, 2 NTA-Na2, 3 HEPES (pH 7.2), with 10 �M cGMP and 250 nMregion that connects the cyclic nucleotide binding do-
calmodulin (Calbiochem) added. The free Ca2� concentration was

main to the pore. Importantly, the carboxy-terminal re- calculated to be 30 �M.
gion forms a 4-fold symmetric tetramerization domain
on the intracellular face of the channel (Zagotta et al., Fluorescence Confocal Microscopy
2003). The intersubunit interactions in this tetrameriza- Fluorescence emissions from eCFP- and/or eYFP-tagged channels

were collected from the animal hemisphere of the oocyte with ation domain occur almost exclusively between C-linkers,
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confocal microscope (Leica), using a 5	 0.15 NA objective and laser
k2 


FeCFP

FeYFP



C 1 [Y]
C 2 [X]


 C/ �[X ]
[Y ]�. (6)

excitation of 458 nm and 488 nm, respectively. This configuration
ensured that only fluorescence signals from the surface membrane

From (5) and (6), both the subunit ratio and the constant C canwere collected. When measuring spectra, the fluorescence intensity
be determined:was quantified in 2 nm steps with a 5 nm window. A narrow range

of PMT gain was used to ensure linearity, which was checked by
calculating FRET efficiency in a wavelength range covering both [X ]

[Y ]

 �

k1

k2

(7)
strong and weak eYFP emission as described previously (Zheng et
al., 2002). The level of background signal was estimated from a
blank area of the same image and subtracted. For fluorescence
intensity ratio measurements, a wider window of 30 nm was used C 
 √k1k2 . (8)
to cover the peak emission for eCFP (475 to 505 nm) or eYFP (500
to 530 nm). The level of laser intensity and the PMT gain were kept C was experimentally determined from the CNGA1�CNGB1 data in
the same for all experiments. Figure 2. k1 and k2 were determined from the slope of linear fits to

the data in Figures 2A and 2B, respectively, and C was calculated
from equation 8. The same value of C was used for the CNGA2�Quantification of FRET Efficiency with Fluorescence
CNGA4 and CNGA2�CNGB1b data in Figures 3 and 4. After CEmission Spectra
was experimentally determined, one can use equations 5 and 6 toThe spectrum-based approach to quantify FRET efficiency between
calculate k1 and k2 for any given subunit ratio.eCFP and eYFP has been described previously (Zheng and Zagotta,

The FIR method assumes that the fluorescence emissions of eCFP2003). This method has several advantages: (1) it allows accurate
and eYFP are independent. However, due to FRET, the observedremoval of contaminations due to donor emission and direct excita-
eCFP intensities were artificially reduced in our experiments. Thetion of the acceptor, (2) it avoids errors arising from the transfer
reduction of eCFP intensity is expected to be greatest in channelsfunction of the recording system, variation in the quantum yield of
having multiple eYFP-tagged subunits next to an eCFP-tagged sub-the acceptor, or variation in the concentration of total fluorescence
unit. The eYFP intensity, measured with 488 nm excitation, shouldmolecules, and (3) an internal check for system linearity is available
not be affected by FRET. To correct for this FRET-associated eCFP(Clegg, 1992; Selvin, 1995). Briefly, two spectra were collected from
signal reduction, we calculated effective FRET efficiency valueseach oocyte, one with 458 nm excitation and the other with 488 nm
using the FRET ratio measurement (Erickson et al., 2001; Zheng etexcitation. A scaled eCFP spectrum collected from control oocytes
al., 2003). The ratio between RatioA and RatioA0, termed FRET ratioexpressing eCFP-tagged channels was used to subtract eCFP emis-
or FR, is calculated assions from the spectrum taken with 458 nm excitation, yielding an

extracted eYFP emission spectrum, F458. F458 had two components,
one due to direct excitation of eYFP, F direct

458 , and one due to FRET, FR 

RatioA
RatioA0


 1 �
F FRET

458

F direct
458

. (9)
F FRET

458 . F458 was normalized by the total eYFP emission with 488 nm
excitation, F488. The resulted ratio, termed RatioA, can be ex-

Like (RatioA � RatioA0) discussed above, FR is also directly propor-pressed as
tional to FRET efficiency. From FR the effective FRET efficiency,
Eeff, was calculated as follows:

RatioA 

F458

F488



F direct
458

F488
�

F FRET
458

F488

. (1)

Eeff 

� eYFP

� eCFP

�FR � 1�, (10)

The direct excitation component in RatioA, termed RatioA0, was
in which �eCFP and �eYFP are the molar extinction coefficient for eCFPexperimentally determined from oocytes expressing eYFP-tagged
and eYFP, respectively. Once Eeff was determined, the true eCFPchannels. The difference between RatioA and RatioA0, (RatioA �
intensity was calculated asRatioA0), is directly proportional to FRET efficiency:

FeCFP_true 

FeCFP_observed

(1 � Eeff)
. (11)RatioA � RatioA0 


F FRET
458

F488

. (2)

It is noted that (RatioA � RatioA0) is independent of wavelength and
provides a convenient internal check for linearity. Modeling of Channel Assembly with Varying Subunit Ratios

Three models were considered in this study to describe the depen-
dence of the subunit ratio on the RNA ratio. In the first model, weFluorescence Intensity Ratio Analysis

Different subunit types were tagged with eCFP or eYFP and coex- assumed that when the two subunit species, X and Y, are coex-
pressed, they assemble randomly into all possible compositionspressed in oocytes. The covalent linkage ensured that the intensity

of fluorescence observed was proportional to the number of sub- according to the binomial distribution. In this simple case, the sub-
unit ratio, [X]/[Y], is expected to depend on the RNA ratio, RNAx/units of that type. When eCFP-tagged X subunits and eYFP-tagged

Y subunits are coexpressed, the intensities of eCFP and eYFP can RNAy, according to the following equation:
be calculated as

[X ]
[Y ]



4� 4 � 12�3 (1 � �) � 12� 2 (1 � �) 2 � 4�(1 � �) 3

4� 3(1 � �) � 12� 2 (1 � �) 2 � 12�(1 � �) 3 � 4(1 � �) 4
,

FeCFP 
 C1[X] (3)

(Model I)FeYFP 
 C2[Y], (4)

in whichin which FeCFP and FeYFP are eCFP and eYFP intensities with excitation
at 458 nm and 488 nm, respectively; [X] and [Y] are the number of
X-eCFP and Y-eYFP subunits; and C1 and C2 are constants reflecting � 
 �g RNAX

RNAY
� / �g RNAX

RNAY

� 1� ,
the laser intensities, the system transfer function, the properties of
the fluorophores, etc. The fluorescence intensity ratio is defined as

where g is a correction factor that takes into account the difference
in RNA expression efficiency and is the only free parameter in the

k1 

FeCFP

FeYFP



C 1 [X]
C 2 [Y]


 C •
[X ]
[Y ]

, (5) models.
We applied the random assembly assumption to Model II as well.

We further assumed that the Y subunit is present at most in a singlein which C is a constant that equals C1/C2.
Similarly, coexpressing X-eYFP and Y-eCFP subunits yields a copy, that is, only XXXX and XXXY channels are formed. The subunit

ratio can be calculated asfluorescence intensity ratio
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and Yau, K.W. (1998). Functional co-assembly among subunits of[X ]
[Y ]



4� 4 � 12� 3 (1 � �)

4� 3 (1 � �)
. (Model II)

cyclic-nucleotide-activated, nonselective cation channels, and
across species from nematode to human. Biophys. J. 74, 1333–1345.

For Model III, we assumed that the X and Y subunits preferably
Goulding, E.H., Ngai, J., Kramer, R.H., Colicos, S., Axel, R.,

assemble into XXXY channels; only the excess X subunits assemble
Siegelbaum, S.A., and Chess, A. (1992). Molecular cloning and sin-

into homomeric XXXX channels. Under these conditions, the subunit
gle-channel properties of the cyclic nucleotide-gated channel from

ratio can be calculated as follows:
catfish olfactory neurons. Neuron 8, 45–58.

Hsu, Y.T., and Molday, R.S. (1993). Modulation of the cGMP-gated[X ]
[Y ]


 �3 if �  3/4
�

1 � �
if � � 3/4 . (Model III) channel of rod photoreceptor cells by calmodulin. Nature 361,

76–79.
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