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Subunit Interactions in the Activation of Cyclic Nucleotide-Gated
lon Channels

Michael D. Varnum and William N. Zagotta
Department of Physiology and Biophysics, Howard Hughes Medical Institute, University of Washington, Seattle, Washington 98195 USA

ABSTRACT Cyclic nucleotide-gated (CNG) ion channels of retinal photoreceptors and olfactory neurons are multimeric
proteins of unknown stoichiometry. To investigate the subunit interactions that occur during CNG channel activation, we have
used tandem cDNA constructs of the rod CNG channel to generate heteromultimeric channels composed of wild-type and
mutant subunits. We introduced point mutations that affect channel activation: 1) D604M, which alters the relative ability of
agonists to promote the allosteric conformational change(s) associated with channel opening, and 2) T560A, which primarily
affects the initial binding affinity for cGMP, and to a lesser extent, the allosteric transition. At saturating concentrations of
agonist, heteromultimeric channels were intermediate between wild-type and mutant homomultimers in agonist efficacy and
apparent affinity for cGMP, cIMP, and cAMP, consistent with a model for the allosteric transition involving a concerted
conformational change in all of the channel subunits. Results were also consistent with a model involving independent
transitions in two or three, but not one or four, of the channel subunits. The behavior of the heterodimers implies that the
channel stoichiometry is some multiple of 2 and is consistent with a tetrameric quaternary structure for the functional channel
complex. Steady-state dose-response relations for homomuitimeric and heteromultimeric channels were well fit by a Monod,

Wyman, and Changeux model with a concerted allosteric opening transition stabilized by binding of agonist.

INTRODUCTION

Cyclic nucleotide-gated (CNG) channels are important in
the signaling pathway for communication of sensory infor-
mation in retinal photoreceptors (Yau and Baylor, 1989)
and olfactory receptor neurons (Lancet, 1986; Zufall et al.,
1994), where they respond to changes in intracellular con-
centrations of cGMP and cAMP, respectively. CNG chan-
nels have also been identified in other tissue types, such as
heart (Biel et al., 1994), pineal gland (Dryer and Henderson,
1991; Distler et al., 1994), kidney (Biel et al., 1994), and
sperm (Biel et al., 1994; Weyand et al., 1994), where their
functional roles are less well defined. Whereas CNG chan-
nels can be heterologously expressed in Xenopus oocytes or
in HEK 293 cells as multimers of identical subunits, coex-
pression of recently identified second subunits confers
channel properties that more closely resemble those of
native preparations from photoreceptors (Chen et al., 1993;
Korschen et al., 1995) or olfactory receptor neurons
(Bradley et al., 1994; Liman and Buck, 1994).

Two of the central questions for ion channel function are:
What is the nature of the conformational changes that occur
during channel activation, and How do the individual sub-
units of a multi-subunit channel interact? These questions
are not unique to ion channels, being applicable to other
enzymes composed of multiple identical or homologous
subunits. Several specific features of CNG channels make
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them well suited for investigating protein conformational
changes in general. First, ion channel proteins can be stud-
ied by using powerful patch-clamp techniques. Second,
cyclic nucleotide-gated channels are part of a functionally
diverse family of proteins that share a homologous nucle-
otide-binding domain and are activated or regulated by
cyclic nucleotide binding; these include plant inward-recti-
fier channels (KAT1, AKT1), eag-like channels, cAMP-
and cGMP-dependent protein kinases, and the catabolite
gene activator protein of Escherichia coli (CAP) (Shabb and
Corbin, 1992). The structure of the ligand-binding domain
of CAP and the regulatory subunit of cAMP-dependent
protein kinase have been determined by x-ray crystallogra-
phy (Weber and Steitz, 1987; Su et al., 1995). These struc-
tures provide a good starting point for understanding the
structure and function of CNG channel proteins. Third, a
specific molecular interaction has been recently identified
that is integral to translating ligand binding to the confor-
mational changes associated with channel opening. Muta-
tion of a single amino acid in the putative C « helix of the
cyclic nucleotide-binding domain of the rod CNG channel
(aspartic acid 604) can invert agonist selectivity, converting
a channel that is highly selective for cGMP to one that
prefers cAMP (Varnum et al., 1995). This resulted from an
alteration in the relative efficacy of the agonists rather than
a change in initial binding affinity. Naturally occurring
amino acid differences at this position in the cyclic nucle-
otide-binding domain can account for the different agonist
selectivities of CNG channels (e.g., the fish olfactory chan-
nel—see Goulding et al., 1992, 1994; and the rat olfactory
channel—see Dhallan et al., 1990) and for the increased
sensitivity to cAMP conferred by coexpression of the rat
olfactory subunit 2 with subunit 1 (Bradley et al., 1994;
Liman and Buck, 1994).
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In this study we have used tandem cDNA constructs to
control the stoichiometry of mutant and wild-type channel
subunits in heteromultimeric channels, in order to examine
subunit interactions during CNG channel gating. This has
been a fruitful strategy for voltage-dependent potassium
channels for understanding the mechanisms of binding of
pore blockers (Heginbotham and MacKinnon, 1992; Ka-
vanaugh et al., 1992; Liman et al., 1992; Hurst et al., 1992),
voltage-dependent activation (Tytgat and Hess, 1992; Hurst
et al.,, 1992; McCormack et al., 1992), and inactivation
(Ogielska et al., 1995). Although the subunit stoichiometry
of CNG channels is unknown, the sequence similarity with
potassium channels suggests that their functional composi-
tion may be a tetramer (Jan and Jan, 1990; Kaupp and Koch,
1992; MacKinnon, 1991; Shen et al., 1994). If CNG chan-
nels contain four homologous subunits, then expression of
heterodimers composed of mutant and wild-type subunits
would specify that the mutations would be present in two of
the four subunits. We will analyze the effect of specific
mutations in these heteromultimeric channels on CNG
channel gating. In the first part of the paper, we focus on
events occurring after cyclic nucleotide binding by looking
at saturating cyclic nucleotide concentrations. In the second
part, we consider a specific model for CNG channel acti-
vation that includes cyclic nucleotide binding.

MATERIALS AND METHODS

Molecular biology

Site-specific mutations were generated by oligonucleotide-directed mu-
tagenesis using polymerase chain reaction to generate cassettes containing
the desired mutation. These were subcloned to replace the corresponding
region of the wild-type bovine rod channel (Kaupp et al., 1989) and
confirmed by sequencing, as previously described (Gordon and Zagotta,
1995a). Tandem cDNA constructs were generated by replacing the stop
codon of one subunit (the A protomer) with DNA encoding a short linker
sequence (QIEGRQ,A) followed by an Ncol site. For the second subunit
(the B protomer) an Ncol site was introduced at the start codon, creating a
K2E mutation. Protomers were linked, using these Ncol sites and another
unique restriction site outside the coding region, and subsequently checked
for recombination on ethidium bromide-stained agarose gels. For experi-
ments examining the effects of TS60A mutation, the amino acid sequence
of wild-type and mutant subunits differed from the published sequence
(Kaupp et al., 1989) containing an alanine-to-valine substitution at position
483; this caused a small decrease in the apparent affinity for cGMP (data
not shown). Oocyte preparation and cRNA transcription and expression
were carried out as previously described (Zagotta et al., 1989).

Electrophysiology

Patch-clamp experiments were performed with an Axopatch 200A ampli-
fier (Axon Instruments, Foster City, CA) in the inside-out configuration.
Currents were low-pass filtered at 2 kHz (8-pole Bessel) and sampled at 10
kHz. Recordings were made at 20-22°C. Data were acquired and analyzed
using a Macintosh computer and Pulse software (Instrutech, Elmont, NY).
Initial pipette resistances were 0.5-1 MQ. Intracellular and extracellular
solutions contained 130 mM NaCl, 0.2 mM EDTA, and 3 mM HEPES (pH
7.2). The pipette solution also included 500 uM niflumic acid to reduce
endogenous calcium-activated chloride currents; niflumic acid had no
effect on cyclic nucleotide-activated currents (data not shown). Intracellu-
lar solutions containing cyclic nucleotides were changed using an RSC-100
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rapid solution changer (Molecular Kinetics, Pullman, WA). Currents in the
absence of cyclic nucleotide were subtracted.

We estimated the fraction of the channels activated (I//,,,,,) by compar-
ing the macroscopic current to the maximum current obtained after poten-
tiation by Ni>* (Gordon and Zagotta, 1995a) at saturating concentration of
the best agonist. For Ni** potentiation, EDTA in the intracellular solution
was replaced by 1 uM or 10 uM NiCl,. In the presence of 10 uM Ni** (for
T560A dimers), block of current was estimated to be 10 = 7%, from the
effect on nonpotentiating H420Q channels and rapid solution changes in
wild-type channels (Gordon and Zagotta, 1995a). Therefore, determina-
tions of I/, for TS60A experiments were corrected for this block. Block
of current by 1 uM Ni2* was negligible (data not shown).

Theory

We examined two general classes of schemes to describe how the confor-
mational changes associated with CNG channel activation may occur: 1)
the allosteric transitions after ligand binding involve independent confor-
mational changes in one or more of the channel subunits (independent
models; Fig. 2 A), and 2) the allosteric transition(s) involve cooperative
interactions between subunits, the extreme representative of this being a
single concerted allosteric transition involving all of the subunits (cooper-
ative model; Fig. 2 B). For the independent models, we predicted the
apparent equilibrium constant (L,,,,) of the allosteric transition(s) for het-
eromultimeric channels composed of two mutant and two wild-type sub-
units, treating the ensemble of fully liganded closed and open states as a
single closed-to-open transition. For a model involving independent tran-
sitions in all four subunits of a heterotetrameric channel,

Pm?
Le = T2 ¥ 2m ¥ P+ m® ¥ dlm + 2Pm + 2Im®”
(1)

where | and m are equal to the equilibrium constants for the individual
transitions for wild-type and mutant subunits, respectively. For homomul-
timeric channels, / = m in the equation above. / and m were calculated for
each model from the behavior of the respective homomultimeric channels.
For a model where independent transitions in three subunits of a heterotet-
rameric channel are sufficient for channel activation,

Pm? + 2Pm + 2im?
1+2+2m+EF+m>+ 4im’

(2

Loy =

For a scheme in which independent transitions in any two subunits of a
heterotetrameric channel are sufficient for activation,

_[zm2+212m+21m2+[2+m2+4lm

= 3
wwp T+20+ 2m ®)
For a model where an independent transition in one of the subunits of a
heterotetrameric channel is sufficient for channel opening,

L.=Pm+2Pm+2lm*+ P+ m’+ 4lm+ 21+ 2m.

app
C))
From the aggregate equilibrium constant L,;,, we calculated the apparent
change in free energy for the allosteric transition(s) (AGy,g,), and the

AGy,,, predicted by each of the models, using the following equation:
AGy,, = — RTn (Lyy). (5)

For the concerted model (Fig. 2 B), we predicted the free energy change for
the allosteric transition of the heteromultimeric channels using the follow-
ing equation:

AG" + AGP
AG =——5—, ©)
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where AG}* and AGT are the free energy differences for the allosteric
transition of wild-type and mutant homomultimeric channels, respectively.

We also considerd a specific gating scheme for cyclic nucleotide bind-
ing and channel activation that includes a concerted conformational tran-
sition to the open state, the allosteric model of Monod, Wyman, and
Changeux (MWC; Scheme 1 and Fig. 8) (Monod et al., 1965). In this
model, the channel exists in either of two reversibly accessible quaternary
conformations: tense or closed (C) and relaxed or open (O). The allosteric
transition between the closed and open conformations is promoted by
binding of ligand to each of four binding sites. For heteromultimeric
channels, the equilibrium constant for the allosteric transition depends on
which of the subunits are occupied by ligand (Fig. 8). Fractional activation
(/,,,) was calculated for the MWC model using a general equation to
calculate the equilibrium open probability for any model. For any model
containing sequentially numbered states, the equilibrium probability of
being in the open state is given by the following equation:

i
> |IIx
i=open states \j=1

Pp=—71—71, (7

> ﬁX,

i=all states \j=1

where X; indicates the unimolecular equilibrium constant between states j
— 1 and j, and X, = 1. If the transition between states j — 1 and j involves
the binding of ligand, then X; = [cNMP] K|, where K; indicates the
bimolecular equilibrium constant. The term ILi_,X; is defined as the
product of the equilibrium constants for any pathway from state 1 to state
J- This equation was used for Scheme 1 for homomultimeric channels and
for the scheme displayed in Fig. 8 for heteromultimeric channels.

RESULTS

To assess the practicality of using tandemly linked channel
subunits for investigating CNG channel gating, we com-
pared the functional properties of bovine rod CNG channels,
as expressed from either a monomeric or concatenated
cDNA construct (Fig. 1). Monomeric constructs or tandem
constructs coding for two channel subunits, covalently at-
tached by a linker region of 22 amino acids, were expressed
in Xenopus oocytes, and electrical recordings were made in
membrane patches in the inside-out configuration. In Fig. 1,
current families elicited by voltage steps from 0 mV to
voltages from —80 to +80 mV are shown for wild-type
monomers (wt) and dimers (wt/wt), and D604M monomers
(D604M) and dimers (D604M/D604M), activated by satu-
rating cGMP (8 mM; Fig. 1 A) and saturating cAMP (32
mM; Fig. 1 B). Each macropatch represents a large popu-
lation of channels. We estimated the fraction of the channels
that are activated by the ratio between the macroscopic
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current and the maximum current obtained after Ni** po-
tentiation at saturating concentration of the best agonist
(I/,,,). Ni** has previously been shown to promote nearly
maximum activation of rod channels at saturating concen-
tration of cGMP by binding preferentially to the open state
of the channel. The site of action for Ni** was shown to be
outside the putative cyclic nucleotide binding domain (Gor-
don and Zagotta, 1995a). A quantitatively similar effect of
Ni’* on the allosteric transition was seen with different
cyclic nucleotides and with mutations outside the Ni**
binding site (Gordon and Zagotta, 1995b). Using the previ-
ously determined model for potentiation and binding affin-
ity for Ni2* (Gordon and Zagotta, 1995a), we have calcu-
lated the error in estimating the fractional activation with
Ir,,... For all of the mutants examined, the greatest error
predicted for this estimation of fractional activation was less
than 2.5%.

For each family of traces (Fig. 1, A and B), display of the
currents was scaled proportional to the maximum current
obtained after Ni** potentiation (I,,,,), to facilitate compar-
ison of agonist efficacy. The fractional activation evoked by
saturating concentrations of agonist (/,/I,,,,) was similar
for monomers and dimers. Furthermore, for channels ex-
pressed from either monomeric (wt and D604M) or dimeric
(wt/wt and D604M/D604M) constructs, the D604M muta-
tion similarly inverted agonist efficacy, decreasing the ef-
fectiveness of cGMP (Fig. 1 A) and increasing the effec-
tiveness of cAMP (Fig. 1 B).

Dose-response curves for wild-type and mutant channels
assembled from dimers resembled their respective counter-
parts expressed from monomeric constructs for activation
by cGMP (Fig. 1 C) or cAMP (Fig. 1 D). Fits of dose-
response curves with the Hill equation yielded a similar
K, ,», Hill coefficient, and fractional activation at saturating
ligand concentrations (I, /I,,,,,) for dimeric constructs com-
pared to expression from monomeric constructs (Table 1).
Tandem linkage of subunits created only a small decrease in
the maximum current elicited by saturating cyclic nucleo-
tide and a small decrease in the apparent affinity for cGMP
compared to currents from expression of monomeric chan-
nel subunits. Overall, these results demonstrate that expres-
sion of tandemly linked proteins comprised of two subunits
of the CNG channel does not substantially alter the macro-
scopic behavior of the channels, and furthermore suggests
that these dimeric constructs may by useful for studying
CNG channel gating.

TABLE 1 Wild-type and D604M CNG channels expressed from monomeric or dimeric cDNA constructs

cGMP cAMP
K\, (uM) Hill coeff. T J1 o n K, (uM) Hill coeff. Lol nax n
wt 58+ 13 2002 0.950 *+ 0.023 9 3061 + 1007 1.5+0.2 0.016 = 0.006 9
wt/wt 98 + 19 1.9+ 0.1 0914 = 0.046 5 2867 = 1856 14 %01 0.007 = 0.004 5
D604M 271 = 89 1.5 +0.1 0.032 * 0.008 6 1993 + 620 1.2 +0.1 0.175 = 0.037 6
D604M/D604M 452 + 290 1.1 £02 0.029 = 0.017 6 1682 + 861 1202 0.160 = 0.075 6

Data expressed as mean * SD.
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FIGURE 1 Current families are shown from inside-out patches excised from Xenopus oocytes expressing wild-type and mutant channels, from either

monomeric or dimeric constructs. Currents were elicited by 8 mM c¢cGMP (A) or 32 mM cAMP (B) and voltage pulses from 0 mV to potentials between
—80 and +80 mV in 20 mV-steps. Control currents in the absence of cyclic nucleotide were subtracted. The currents were scaled (using the +60 mV trace)
to the maximum current obtained after Ni’* potentiation (Gordon and Zagotta, 1995a) at a saturating concentration of the best agonist (I,,,,). The
dose-response relationship is shown for activation of wild-type and D604M channels expressed from monomeric or dimeric constructs, in response to cGMP
(C) and cAMP (D). Squares indicate wild-type channel subunits and circles denote D604M mutant subunits; closed symbols denote expression from
monomeric constructs and open symbols indicate expression of tandemly linked dimeric constructs. Currents were measured at +60 mV between 70 and
80 ms for small currents and within the first 5 ms for large currents, to minimize the effect of ion depletion (Zimmerman et al., 1988). The fractional
activation (/) was estimated from Ni’>* potentiation (Gordon and Zagotta, 1995a), using 1 uM NiZ" at a saturating concentration of the best agonist.
Continuous curves represent fits of the dose-response relation to the Hill equation, I = I, ([cNMP]Y/(K,,," + [cNMP]™). For fits to the activation of
channels by cGMP (C), the following parameters were used: wt, K, = 79 uM, n = 2.1, I/l = 0911; wt/wt, K|, = 81 uM, n = 2, I/l ,, = 0.889;

D604M, K,,, = 251 uM, n = 1.5, I/l ,, = 0.032; D604M/D604M, K, = 240 uM, n = 1.3, I/l
(D), the following parameters were used: wt, K,,, = 2334 uM, n = L5, VI,

= 0.026. For fits to the activation of channels by cAMP
= 0.002; wt/wt, K,,, = 3061 uM, n = 1.3, I/l ,, = 0.003; D604M,

Ky, = 1629 uM, n = 1.2, I/l,,,, = 0.218; D604M/D604M, K,,, = 1136 uM, n = 1.2, I/l ,, = 0.215.

Subunit interactions during the allosteric
transition(s) associated with channel activation

The activation of CNG channels can be divided into two
processes: ligand-binding steps and allosteric transitions
leading to channel opening. “Allosteric” refers to a confor-
mational change in the channel protein induced by the
binding of ligand. There are at least two general classes of
schemes that explain how the allosteric conformational
changes associated with channel opening may occur in a
multi-subunit channel where each subunit binds a single
cyclic nucleotide (Fig. 2). One possibility is that the con-

formational transition(s) in the subunits that occur after
binding of cyclic nucleotide may involve independent con-
formational changes in one, two, three, or four of the
channel subunits (Fig. 2 A). Channel opening would take
place after the requisite number of subunits underwent the
appropriate independent conformational transition. In this
case, the subunits are assumed to behave in an identical and
independent manner. Alternatively, some cooperativity may
occur between these transitions in the channel subunits.
Cooperativity could arise from specific interactions between
subunits during the allosteric transition(s), or from some
special property of the open state, such as stabilization of
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the open channel due to hydration energy or ion occupancy
in the pore. In the extreme case, a highly cooperative
mechanism would behave as if there were a single concerted
allosteric transition involving all of the subunits (Fig. 2 B).
These models (Fig. 2, A and B) represent opposite extremes;
other intermediate schemes are, of course, possible. For
example, cooperative interactions could occur within
subunit dimers, but each dimer could act independently.
We will address the particular schemes outlined in Fig. 2
because they present reasonable hypotheses for CNG
channel gating and they make distinct predictions about
the behavior of channels containing different combina-
tions of mutant and wild-type subunits. To examine these
possibilities, we tested heteromultimeric channels gener-
ated by concatenated cDNA encoding dimers of wild-
type and mutant subunits.

At saturating concentration of ligand, all of the binding
sites are expected to be occupied, and the fractional activa-
tion (I, /I,,.,) reflects the ability of the agonist to promote
the closed-to-open transition of the fully liganded channel.
The current under these conditions (/,,), normalized to the
maximum current obtained after Ni>* potentiation at satu-
rating concentration of the best agonist (/,,,,), is a good
measure of the equilibrium for the closed-to-open transi-
tion(s). Changes in I,/I,,,, for mutations and ligands ex-
amined in this paper most likely reflect a change in open
probability rather than a change in single-channel conduc-
tance, because 1) the mutations are in the cyclic nucleotide
binding domain and presumably distant from the channel
pore, 2) it has been demonstrated previously that different

=33

o)

cyclic nucleotides produce similar single-channel conduc-
tances (Ildefonse et al., 1992), and 3) after Ni** potentia-
tion, currents produced by different cyclic nucleotides gen-
erally displayed a similar amplitude (data not shown). In
Fig. 3 A, representative currents evoked at saturating cGMP
by depolarizations to +60 mV from a holding potential of O
mV are shown for wild-type (wt/wt) and mutant
(D604M/D604M) homomultimers, and for wt/D604M and
D604M/wt heteromultimers. These traces were normalized
to I,., as described above. The heteromultimers were in-
termediate in agonist efficacy compared to wild-type and
mutant homomultimers (Fig. 3 A). The similar behavior of
the two heterodimers, where the mutant subunit is in either
the N-terminal (D604M/wt) or C-terminal (wt/D604M) half
of the dimer fusion protein, suggests that channel assembly
occurred by association of two dimers rather than in some
anomalous fashion, such as association of dimer halves
(McCormack et al., 1992; Liman et al., 1992). If the chan-
nels formed preferentially from only the N-terminal half of
the dimer, then we would expect the two different het-
erodimers to behave differently. Furthermore, this finding
implies that the channel stoichiometry is some multiple of 2,
and is consistent with a tetrameric quaternary structure for
the functional channel complex (MacKinnon, 1991; Shen et
al., 1994; MacKinnon, 1995). If the channel stoichiometry
were not a multiple of 2, then expression of heterodimers
would produce channels with unequal contributions from
the respective dimer halves.

From I/I .., we determined the apparent equilibrium

constant (L,,,) for the allosteric transition(s), treating the
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FIGURE 3 (A) Currents elicited by voltage steps from 0 mV to 60 mV are shown for activation of wt/wt and D604M/D604M homomultimeric channels
and w/D604M and D604M/wt heteromultimeric channels by saturating cGMP (8 mM). Vertical scale bars indicate fractional activation; currents were
normalized to the maximum current (/,,,,) estimated from potentiation by 1 uM Ni?* at a saturating concentration of the best agonist. (B) Box plot of the
change in free energy for the aggregate equilibrium constant, AG, .. The vertical line within each box indicates the median of the data; boxes show the
25th and 75th percentiles of the data; whiskers show the range of the data (N = 5 to 8). The expected free energy change for gating of the heteromultimeric
channels, predicted by each of the different models for channel activation outlined in Fig. 2, is displayed as dashed (independent models) and solid
(cooperative model) lines. These predictions were calculated using Egs. 1 through 6 (see Materials and Methods).

ensemble of fully liganded closed and open states as a single
closed-to-open transition, using the following equation:

Lapp = (Isat/Imax)/[l - (Isatllmnx)]

From the aggregate equilibrium constant L, we calculated
the apparent change in free energy for the allosteric transi-

tion(s):
AG.,=—RThn (Lagp) -

Fig. 3 B displays the effect of the D604M mutation on the
AG, ,pp, for activation of CNG channels by cGMP. The free
energy change of the apparent equilibrium constant for
channel opening was approximately 3.5 kcal/mol less fa-
vorable for D604M/D604M mutant homodimers compared
to wild-type homodimers. Expression of heterodimers con-
taining the D604M mutation (wt/D604M or D604M/wt)
gave median values for AG, ,,, approximately halfway be-
tween those of the respective homomultimeric channels.
Coexpression of the reciprocal heterodimers (w/D604M +
D604M/wt) yielded a AG,,, similar to that observed for
the individual heterodimers. These results suggest that the
aspartic acid residue at position 604 in each subunit of a
presumably tetrameric channel contributes approximately
0.9 kcal/mol to the allosteric conformational change(s) lead-
ing to channel opening.

Given the free energy change for the allosteric transi-
tions of the wild-type and mutant homomultimers, we
derived the expected free energy change for gating of the

heteromultimeric channels predicted by each of the dif-
ferent models for the allosteric transition(s) outlined in
Fig. 2. Each model was fit to the data for the wild-type
and mutant homodimers, treating the allosteric transi-
tion(s) as a single aggregate closed-to-open transition.
Then, using the parameters derived for each subunit
(wild-type or mutant), we calculated the expected AGy
(using Egs. 1-6, above) for heteromultimers containing
two mutant and two wild-type subunits. In Fig. 3 B, these
predictions are displayed as dashed (independent models)
and solid (cooperative model) lines and compared to
observed values for heteromultimeric channels. The
AGy ,p, for the activation of heteromultimeric channels
(wt/D604M, D604M/wt, and wt/D604M + D604M/wt)
by saturating cGMP was most consistent with a concerted
transition to the open state (Fig. 3 B, solid line). Gating
mechanisms that required separate and identical transi-
tions in all four subunits or a single independent transi-
tion in only one of four subunits were largely incompat-
ible with the observed values of AGy,,, for activation of
these heteromultimeric channels. However, a mechanism
involving an independent conformational change in any
two subunits could also account for the behavior of
heteromultimeric channels at saturating cGMP.

We also examined wild-type and D604M homodimers,
and wt/D604M and D604M/wt heterodimers for activation
by cIMP (Fig. 4 A). The structure of cIMP differs from that
of cGMP only at the C2 position of the purine ring; it is a
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good partial agonist for the rod CNG channel. As was the
case for cGMP, agonist efficacy for currents evoked by
saturating cIMP was reduced in D604M homodimers com-
pared to wild-type homodimers. wt/D604M and D604M/wt
heterodimers were intermediate in agonist efficacy com-
pared to wild-type and mutant homodimers, and the recip-
rocal heterodimers behaved similarly. The D604M mutation
made the apparent free energy change of the allosteric
transition induced by cIMP less favorable by approximately
2.1 kcal/mol or about 0.5 kcal/mol per subunit (Fig. 4 B).
Again, the AGy,, for the heteromultimeric channels was
consistent with a concerted model for channel activation.
These results were also compatible with a mechanism for
the allosteric transition(s) involving an independent confor-
mational change in two or three but not one or four of the
channel subunits. Thus, results for cIMP were qualitatively
similar to those presented in Fig. 3 for activation of D604M
dimers by cGMP.

These conclusions were also consistent with the activa-
tion of these heteromultimeric channels by saturating con-
centrations of cAMP. In contrast to the effect on currents
evoked by cGMP and cIMP, the D604M mutation improved
agonist efficacy for currents evoked by cAMP (Fig. 5 A),
making the free energy difference of the apparent equilib-
rium constant for the allosteric transition more favorable by
approximately 1.9 kcal/mol for D604M/D604M mutant ho-
modimers compared to wild-type homodimers (Fig. 5 B).
As was observed above for cGMP and cIMP, /I, .. for
activation of wt/D604M and D604M/wt heterodimers by
saturating cAMP was intermediate compared to wild-type
and D604M/D604M homodimers (Fig. 5 A), and the AGy .,
calculated for the activation of the heteromultimeric chan-
nels by CAMP was intermediate compared to AGy ,,,, for the
respective homomultimeric channels (Fig. 5 B). As demon-
strated above, these results for cAMP were compatible with

A sat. cIMP

FIGURE 4 (A) Currents elicited by
voltage steps from 0 mV to 60 mV are
shown for activation of wt/wt and
D604M/D604M homomultimeric
channels and wt/D604M  and
D604M/wt heteromultimeric channels

_l Wt|_

by saturating cIMP (32 mM). Vertical 0'11!)—"‘5

scale bars indicate fractional activa-

tion; currents were normalized to the

maximum current (/,,,,) estimated

from potentiation by 1 uM Ni** at wt/D604M

saturating concentration of the best
agonist. (B) Box plot of the change in
free energy for the aggregate equilib-
rium constant, AG,_HPP, for activation
by saturating cIMP. Values were cal-
culated and displayed as described in
Fig. 3 (N = 510 8).
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a concerted model for the allosteric transition or a model
involving independent transitions in two or three of the
subunits (Fig. 5 B).

We considered another mutation within the cyclic nucle-
otide binding domain of the channel, TS60A, which primar-
ily alters the affinity for cGMP and cAMP (Altenhofen et
al., 1991) and has a smaller effect on the allosteric transi-
tion(s) (Varnum et al., 1995). T560A may be important for
initial binding, presumably via contacts with the cyclic
phosphate, and for positioning of the cyclic nucleotide for
subsequent interactions during the conformational changes
accompanying channel opening (Varnum et al., 1995). As
can be seen in Fig. 6 A, the T560A mutation made AG ,,,
less favorable for activation of channels by cGMP. Activa-
tion of TS60A homodimers by cIMP (Fig. 6 B) and cAMP
(Fig. 6 C) demonstrated a slightly more favorable AG ,,,
compared to wild-type homodimers. As previously shown
for D604M channels, expression of heteromultimeric chan-
nels composed of wild-type and T560A subunits demon-
strated AGy,,, values intermediate to those seen for the
respective homomultimeric channels (Fig. 6). When com-
pared with the AG ,,, predicted by the various schemes, the
results observed for activation of TS60A heteromultimeric
channels did not allow us to easily distinguish between the
different models.

Coexpression of the reciprocal heterodimers (wt/T560A
+ T560A/wt) produced channels that behaved differently
from the individual heterodimers. For activation of channels
at saturating cGMP, the AGy,,, was more like that of
wild-type homomultimeric channels. For activation at satu-
rating cIMP, the AGy,,, resembled that of mutant homo-
multimeric channels. Assuming a random association of
heterodimeric subunits and head-to-tail assembly, half of
the presumably tetrameric channels from the coexpression
would have a mutant subunit adjacent to a mutant subunit

B cIMP
25 T T 17 T
D604M/D604M
—~ 20} i
°
§ 15} .
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e — 3
= 10} .
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o ] ] )
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FIGURE 5 (A) Currents elicited wt/wt
by voltage steps from 0 mV to 60
mV are shown for activation of
wt/wt and D604M/D604M homo-
multimeric channels and wt/D604M
and D604M/wt heteromultimeric
channels by saturating cAMP (32
mM). Vertical scale bars indicate
fractional activation; currents were
normalized to the maximum current
(I,,ax) estimated from potentiation by
1 uM Ni?* at saturating concentra-
tion of the best agonist. (B) Box plot
of the change in free energy for the
aggregate equilibrium  constant,
AGy,p, for activation by saturating
cAMP. Values were calculated and
displayed as described in Fig. 3 (N =
5 to 8).

oos|

1Gms

wt/D604M

and a wild-type subunit adjacent to a wild-type subunit,
and the other half of the channel population would be
assembled from identical dimers, alternating wild-type
and mutant subunits (each subunit type diagonally op-
posed to its like subunit) (Gordon and Zagotta, 1995b).
Activation of channels assembled from reciprocal het-
erodimers appeared to be influenced more by the “best”
subunits when those subunits could be positioned adja-
cent to each other. These results suggest that the exact
quaternary arrangement of mutant and wild-type subunits
may be important for some mutations and that the sub-
units may not exhibit an equal and independent effect on
channel gating.

Overall, the simplest interpretation of these results is that
activation of CNG channels involves cooperative interac-
tions between the channel subunits. However, it was not
always possible to distinguish between different models,

>
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given the small effect on AGy,,,, for particular combina-
tions of mutation and ligand. Where the range of values
between wild-type and mutant was most marked, and
thus the differences between the predictions of the
models conspicuous (e.g., D604M, cGMP; Fig. 3 B), the
results were inconsistent with a mechanism requiring
separate and identical transitions in all of four subunits or
a single independent transition in only one of four
subunits. Although the results were consistent with
cooperative interactions between subunits, the data
were also compatible with schemes that include indepen-
dent gating transitions in two or three of the channel
subunits. Thus, we could not definitively discriminate
between the appropriateness of a concerted model for
CNG channel] gating versus a model that envisions chan-
nel gating by independent transitions in two or three of
the subunits.

[3¢)

FIGURE 6 Box plot of the change in
free energy for the aggregate equilib-
rium constant, AGupp, for activation of
wt/wt and TS60A/T560A homomultim-
eric channels and WwtTS60A and
T560A/wt heteromultimeric channels
by saturating cGMP (4; 16 mM), cIMP
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(B; 32 mM), and cAMP (C; 32 mM).
Values were calculated and displayed
as described in Fig. 3 (N = 4 to 8).
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Monod, Wyman, and Changeux model for
activation of heteromultimeric channels

In the previous section, we investigated subunit interactions
during the allosteric transition(s) using saturating concen-
trations of ligand. To consider events associated with ligand
binding, we have also examined activation of heteromulti-
meric CNG channels at subsaturating ligand concentrations
(Fig. 7). As expected, the apparent affinity of the hetero-
multimeric channels (wt/D604M and D604M/wt) was inter-
mediate to that of the respective homomultimeric channels
(wt/wt and D604M/D604M) for activation by cGMP (Fig. 7
A), cIMP (Fig. 7 B), and cAMP (Fig. 7 C). The slopes of the
dose-response curves were similar, consistent with a single
population of channels. Furthermore, the reciprocal het-
erodimers (wt/D604M and D604M/wt) displayed similar
apparent affinities, again suggesting that channel assembly
occurred by association of two dimers, and consistent with
a tetrameric structure for the CNG channel.

Because our results at saturating concentration of cy-
clic nucleotide were consistent with a concerted mecha-
nism for CNG channel activation, we next examined a
specific gating scheme that includes a concerted confor-
mational transition to the open state, the allosteric model
of Monod, Wyman, and Changeux (Monod et al., 1965).
The MWC model was first proposed to describe the
activation of CNG channels of retinal photoreceptors by
Stryer (1987). Recently, a MWC model for CNG channel
activation has been shown to be consistent with the
steady-state characteristics of cloned bovine rod and cat-
fish olfactory channels (Goulding et al., 1994). In a
MWC-type scheme, the channel is proposed to exist in
two reversibly accessible quaternary states: a tense or
closed state (C), and a relaxed or open state (O). Assum-
ing a tetrameric structure for the channel and that each

CNG Channel Subunit Interactions

2675

subunit of the channel binds a single cyclic nucleotide,
then four equivalent binding sites are present. This model
can be summarized by the following scheme:

Scheme 1

4K 3/2 K 2/3 K 174K

cNMP cNMP cNMP cNMP

4 b 2 4 3 A 4
Lo Lot Lo f Lo f Lo f
cNMP cNMP cNMP cNMP
Ol A 1 1 ‘—_\ [ —— _L——hv 05

4Kt 3/2 Kt 2/3 Kf 174 Kf

In the closed configuration, the cyclic nucleotide binds to
each subunit with a bimolecular equilibrium constant K.
The affinity of the binding sites for ligand is altered when
the transition between the two conformations occurs, the
affinity for the open state being greater than the affinity for
the closed state. Conversely, the conformational transition
between the closed and open states is promoted by binding
of ligand to each site. The factor by which the equilibrium
constant for opening is increased by each ligand binding
step is designated as f.

Unlike other possible concerted models for channel acti-
vation, the concerted opening conformational change in the
MWC model does not absolutely require ligand binding but
is favored by binding of ligand to each subunit. Interest-
ingly, two groups have recently reported evidence for li-
gand-independent opening of CNG ion channels (Picones
and Korenbrot, 1995; Tibbs et al., 1995), consistent with
one of the fundamental predictions of a MWC model. The
equilibrium constant for the conformational transition be-
tween the unliganded form of C and the unliganded form of
O is defined as L. At saturating concentrations of ligand,

A B C
1 1 1
wywt wi/wt D604M/DE04M
10™ 10™ 107
3 3 3
E . E . £ =
=10 =10 =10
D604M/D604M
10° 10° D604M/D604M 102 ® wt/wt
10° 10" 10"
1 ] I 1 1 ] I I 1 ] 1 1 1 1 1 1 I 1
10% 10® 10* 10° 10% 10 10°% 10° 10* 10® 102 10 10° 10° 10* 10® 107 10

¢GMP concentration (M)

cIMP concentration (M)

cAMP concentration (M)

FIGURE 7 Dose-response relations for activation of wt/wt (@) and D604M/D604M (M) homomultimeric channels and wt/D604M (A) and D604M/wt
(V) heteromultimeric channels by cGMP (4), cIMP (B), and cAMP (C). Continuous curves show fits of the MWC scheme to the dose-response relationship
using the following parameters: in all cases, Lo, = 1.4 X 1073; for activation of wild-type subunits by cGMP, f = 30.7 and K = 12000 M~ '; for activation
of D604M subunits by cGMP, f = 6.8 and K = 20000 M~'; for activation of wild-type subunits by cIMP, f = 18.7 and K = 900 M~ "; for activation of
D604M subunits by cIMP, f = 7.1 and K = 2500 M~ /; for activation of wild-type subunits by CAMP, f = 4.7 and K = 2800 M~ "; for activation of D604M

subunits by cAMP, f = 10.7 and K = 6200 M~
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all four binding sites are assumed to be occupied, and the
channel is in either the fully liganded open or fully liganded
closed state; the equilibrium constant for this allosteric
transition is f* + L, and can be determined as follows:

f4 ° LO = (Isal/Imax)/[l - (Isat/Imax)]-

The only free parameters in the MWC scheme are f, L, and K.
Mutations or conditions that modify channel activation can be
modeled to alter one or more of these three parameters. For
example, potentiation of CNG channels by Ni?* (Gordon and
Zagotta, 1995a) probably has a general affect on L, promoting
the allosteric conformational transition in a manner relatively
independent of ligand type or concentration. In contrast, for
D604M channels the effect of the mutation on the allosteric
transition is profoundly dependent on the nature of the ligand
(Varnum et al., 1995), suggesting that this mutation alters f
with little or no effect on L. For TS60A channels, the func-
tional consequences of the mutation for initial binding affinity,
and to a lesser extent for the allosteric transition, imply an
effect on K and f rather than L,. In general, mutation or
modification of residues outside the cyclic nucleotide binding
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pocket that affect the allosteric transition(s) would be expected
to alter Ly. Mutation of residues that directly interact with the
cyclic nucleotide during the allosteric transition would be
expected to affect f. Thus, we assumed that L, was not altered
by D604M or TS60A, and only fand K were allowed to vary
for MWC fits to dose-response data for channels containing
these mutations. A small alteration in L, cannot be completely
excluded.

In a heteromultimeric channel, the subunits do not
behave identically, and thus the simplified MWC scheme
shown above must be extended to account for the non-
equivalency of the subunits. In Fig. 8, the tense or closed
channel subunits are depicted as squares and the relaxed
or open channel subunits are depicted as circles. Mutant
subunits are denoted by an M, and ligand occupancy of a
subunit is indicated by shading. From every state shown
there can be a concerted allosteric transition between the
closed and open channel configurations. The equilibrium
constant for the allosteric transition will depend on which
of the subunits, wild-type or mutant (M), are occupied by
ligand.

| closed

| open

Lo (fun)! (frn)

FIGURE 8 Monod, Wyman, and Changeux scheme for activation of heteromultimeric CNG channels. Channels are proposed to exist in one of two
possible quaternary conformations. Closed or tense channel subunits are indicated by squares; open or relaxed channel subunits are indicated by circles.
M denotes mutant subunits; shading depicts ligand occupancy. For transitions involving ligand binding, a single pathway to every state is indicated by dark
arrows. K, and K|, are the bimolecular equilibrium constants for ligand binding to wild-type and mutant subunits, respectively. The concerted allosteric
transition between the closed- and open-channel configurations can occur from any of the states shown. Transitions between the open and closed states have
an equilibrium constant equal to Ly(f,,)'(f.,), where i is equal to the number of wild-type subunits with bound cNMP, j is the number of mutant subunits
with bound cNMP, f,,, and f,, are the factors by which the equilibrium constant for opening is increased by ligand binding to wild-type and mutant subunits,
respectively, and Ly, is the equilibrium constant for the conformational transition between the unliganded closed state and the unliganded open state.
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This scheme was used to fit the data for the heteromul-
timeric channels using the L, f, and K values derived from
fits of data from homomultimeric channels. As can be seen
in Fig. 7, the MWC model provided a reasonable fit to the
dose-response data for activation of wild-type and D604M
homomultimeric channels and heteromultimeric channels
comprised of both types of subunits. An L, equivalent for
bovine rod channels has been suggested from the literature,
1 X 1078 (Stryer, 1987) or 1 X 107> (Goulding et al.,
1994). For our fits, L, was estimated to be 1.4 X 107> and
was not permitted to vary. The effect of the D604M muta-
tion on f was dependent on which particular cyclic nucleo-
tide was used to activate the channels: f became less favor-
able for activation of channels by cGMP (Fig. 7 A) and
cIMP (Fig. 7 B), but more favorable for activation of chan-
nels by cAMP (Fig. 7 C). For cGMP, f was approximately
30.7 for wild-type subunits and 6.8 for mutant subunits; for
cIMP, f was approximately 18.7 and 7.1, respectively; for
cAMP, f was approximately 4.7 and 10.7, respectively. In
the context of the MWC model, these results are consistent
with the proposed role for this residue in ligand discrimi-
nation and in conveying ligand binding to the allosteric
changes associated with channel opening (Varnum et al.,
1995). For all cyclic nucleotides tested, K became slightly
more favorable when the number of D604M subunits in-
creased. For the D604M mutation, the free energy change
for initial binding became more favorable by approximately
0.3 kcal/mol for ¢cGMP, 0.6 kcal/mol for cIMP, and 0.5
kcal/mol for cAMP. Replacement of aspartic acid by me-
thionine at this position may directly or indirectly facilitate
ligand binding, perhaps by removing an electrostatic or
steric hindrance for access to the ligand-binding pocket.

For T560A-containing channels, the most profound effect
of the mutation is on initial cGMP affinity (Altenhofen et
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al.,, 1991; Varnum et al, 1995). Consequently, dose-re-
sponse curves for activation of TS60A homomultimeric and
heteromultimeric channels by cGMP offered a better test for
a MWC model of CNG channel gating than D604M chan-
nels. The MWC model provided a reasonable fit to the
dose-response data for activation of TS60A channels by
cGMP (Fig. 9 A). Again, L, was held constant at 1.4 X
1075, and only K and f were permitted to vary. For this
model, a large effect of the TS60A mutation on K was
observed for activation of these channels by cGMP. The
free energy change for initial binding of cGMP became
approximately 1.2 kcal/mol less favorable for TS60A. The
effect on f was less pronounced for TS60A subunits (ap-
proximately 27.0 for wild-type versus 11.6 for mutant sub-
units). Fits of the MWC model were also consistent with
activation of these channels by cIMP (Fig. 9 B) and cAMP
(Fig. 9 O).

DISCUSSION

In this paper, we have examined possible subunit interac-
tions during the activation of homomultimeric and hetero-
multimeric CNG channels. At saturating concentrations of
ligand, the effect on AG,,, of introducing D604M or
T560A mutations in the ligand-binding domain of half of
the channel subunits was consistent with a concerted model
for the allosteric transition. Results were also consistent
with a model involving independent conformational transi-
tions in two or three of the subunits. Models for channel
activation that involve independent transitions in all four
channel subunits or a single independent transition in only
one of the subunits could not account for the data. In
addition, steady-state dose-response relations for activation

A B C
1 1 1
T560A/T560A
10" 10 10"
wt/wt
5, % % T560A/T560A
2 2
£ro S_Ew SE10
107 107 10° wi/wt
V/
) °
10 10 107
1 I i ) I 1 I 1 1 1 1 | I 1 I I !
10® 10° 10* 10° 10% 10 10° 10° 10* 10® 10? 10" 10% 10° 10®* 10® 10% 10"

c¢GMP concentration (M)

cIMP concentration (M)

cAMP concentration (M)

FIGURE 9 Dose-response relations for activation of wt/wt (@) and TS60A/T560A (M) homomultimeric channels and wt/T560A (A) and T560A/wt (V)
heteromultimeric channels by cGMP (A), cIMP (B), and cAMP (C). Continuous curves show fits of the MWC scheme to the dose-response relationship
using the following parameters: in all cases, Lo = 1.4 X 1073; for activation of wild-type subunits by cGMP, f = 27 and K = 11000 M~ "; for activation
of T560A subunits by cGMP, f = 11.6 and K = 1500 M™; for activation of wild-type subunits by cIMP, f = 12.1 and K = 900 M™; for activation of
T560A subunits by cIMP, f = 19.1 and K = 600 M~"; for activation of wild-type subunits by cAMP, f = 4.4 and K = 2000 M ™', for activation of TS60A

subunits by cCAMP, f = 54 and K = 850 M~!,
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of heteromultimeric channels were found to be consistent
with a MWC model involving a single concerted allosteric
transition promoted by binding of ligand to the channel
subunits.

In these experiments, the similar behavior of the recip-
rocal heterodimers was consistent with a tetrameric quater-
nary structure for the functional CNG channel complex. In
photoreceptors and olfactory neurons, channels probably
exist as heteromultimers of at least two types of subunits
(Chen et al., 1993, 1994; Korschen et al., 1995; Liman and
Buck, 1994; Bradley et al., 1994). One function of the
recently identified second subunits may be to tune the
sensitivity of the channels to cGMP and cAMP in these cell
types (Bradley et al., 1994; Liman and Buck, 1994). Results
presented in this paper, from expression of heteromulti-
meric channels with aspartic acid at position 604 replaced
with methionine (as is present in the rat olfactory second
subunit) in half of the channel subunits, are consistent with
this possible role. This result demonstrates that the D604M
difference in the second subunit of the olfactory channel can
account for the increase in cAMP sensitivity, even if it is not
present in all of the channel subunits.

The dose-response data for the heteromultimers helps to
exclude other models for CNG channel activation. Because
fits of the Hill equation to the dose-response data often yield
Hill coefficients near 2, it might be expected that maximum
activation of CNG channels would be produced by binding
of cyclic nucleotide to only two subunits. If binding of
cyclic nucleotide to any two subunits was sufficient for
maximum channel activation, then heterodimers would be
predicted to display affinities that more closely resembled
wild-type homomultimers, a prediction that is not supported
by the data. A variation of this scheme requires binding of
ligand to any two adjacent subunits. This provides a better
fit to the dose-response data for the individual heteromul-
timers. This scheme predicts that channels assembled from
coexpressed heterodimers should activate better than the
individual heterodimers, as observed for the T560A het-
erodimers (Fig. 6, A and B). However, this effect for coex-
pressed heterodimers was not as apparent for D604M het-
erodimers (Figs. 3 B, 4 B, and 5 B).

The functional symmetry of the CNG channel at the level
of the binding domain is not known. A twofold symmetry
has been suggested for proton binding in the channel pore
(Root and MacKinnon, 1994) and for Ni2* binding near the
inner vestibule of the pore (Gordon and Zagotta, 1995b).
We have assumed that the channel oligomer displays four-
fold symmetry at the level of the binding domain and that
the position of each binding domain is essentially equiva-
lent. However, one possibility is that the channel’s four
cyclic nucleotide binding domains interact as two functional
pairs (Goulding et al., 1994). The interaction between the
binding domains within each pair could present either pos-
itive or negative cooperativity. In support of this notion is
the finding that coexpression of the reciprocal TS60A het-
erodimers produced channels that differed somewhat from
those produced by expression of the individual het-
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erodimers. One way in which the position of the subunits
may matter is if the cyclic nucleotide-binding sites are
structurally overlapping, as is the case for a homologous
protein—the catabolite gene activator protein (CAP). The
crystal structure of the CAP dimer indicates that the purine
ring of bound cAMP is stabilized in part by hydrogen bonds
with T127 of the C a-helix of one subunit and with S128 of
the contralateral subunit (Weber and Steitz, 1987). Se-
quence comparisons between the cyclic nucleotide-binding
domain of CNG channels and CAP suggest that amino acid
D604 of the rod channel aligns with this region of CAP
(T127). The structural analogy with CAP is consistent with
the possibility that these domains may dimerize and that
D604 may be directly or indirectly involved in intersubunit
interactions.
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