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 Visual impairment is one of the most common causes of
disability, and inherited forms of retinal diseases afflict ap-
proximately 100,000 people in the United States, according
to the NEI National Plan for Eye and Vision Research (2004).
A subset of these inherited disorders directly impact the func-
tion and survival of cone photoreceptors, or of cone and rod
photoreceptors together, leading to impairment or loss of color
and high-acuity vision. These include a range of progressive
and stationary cone dystrophies or dysfunctions, such as macu-
lar degeneration, progressive cone dystrophy, and achromatop-
sia [1,2]. Of the diseases that alter cone function, complete
achromatopsia is one of the most severe, characterized by a
total absence of cone function apparent from birth, nystagmus
and photophobia [3].

Genetic studies of patients with achromatopsia have iden-
tified three important loci. Specifically, mutations in the
CNGA3 and CNGB3 genes encoding the subunits of cone cy-
clic nucleotide-gated (CNG) channels [4-11], and GNAT2, the
gene encoding the α subunit of cone-specific transducin
[12,13], have been linked to this disease. Mutations in the genes
encoding the cone CNG channel subunits are particularly
prevalent in patients with achromatopsia, as two separate stud-
ies have found that 25-40% of these patients have mutations

in CNGA3 and 40-50% have mutations in CNGB3 [10,11]. In
addition, recent studies examining the consequences of a
CNGA3 knockout in mice found that these mice exhibited a
phenotype that resembled complete achromatopsia in humans
[14,15]. Furthermore, these mice exhibited alterations beyond
the function of CNG channels, such that the targeting of cone
opsins, the expression of other visual cascade proteins, and
the morphological development of cone somata were also per-
turbed [14,15]. These results highlight the importance of CNG
channels for normal visual transduction and for the pathophysi-
ology of retinal disease.

CNG channels are a critical component of visual trans-
duction involved in converting light-induced changes in in-
tracellular cGMP concentration into electrical responses that
can be later interpreted by the brain as visual information.
CNGA3 subunits can form functional homomeric channels
when heterologously expressed alone, while CNGB3 subunits
cannot. Heteromeric cone CNG channels are thought to be
composed of two CNGA3 subunits and two CNGB3 subunits
[16]; the co-expression of CNGB3 subunits with CNGA3 re-
sults in channels exhibiting properties that more closely re-
semble those of native channels, including enhanced cAMP
efficacy and sensitivity to L-cis-diltiazem block [17,18].

Each CNG channel subunit is thought to contain six trans-
membrane regions (S1-S6) with a pore-forming (P) re-entrant
loop between S5 and S6. Additionally, these subunits have
intracellular amino and carboxy termini that are critical to CNG
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channel gating, with the carboxy-terminal region of each sub-
unit containing a cyclic nucleotide binding domain (CNBD)
[19]. The binding of cGMP or cAMP to the CNBD is coupled
to an allosteric transition that results in channel opening [20].
The gating of CNG channels is also slightly sensitive to volt-
age, a phenomenon that results in outward rectification of CNG
channel currents [21-23]. CNG channels are nonselective cat-
ion channels permeable to Na+, K+, and Ca2+ ions. Calcium
entering through CNG channels can modulate
phototransduction sensitivity via multiple mechanisms, includ-
ing the binding of calcium-calmodulin to channels to down
regulate their activity [18,24-26].

In addition to their association with achromatopsia, mu-
tations in CNGB3 have also been linked to progressive cone
dystrophy and macular degeneration [27,28]. We hypothesize
that the severity of the functional alterations in the mutant
channels parallels the severity of the associated retinal dis-
eases. This hypothesis has not yet been addressed as relatively
few disease-associated mutations in CNGB3 have been func-
tionally characterized and the three mutations that have been
studied to date are associated with complete achromatopsia
[29,30]. In this study, we address this hypothesis by examin-
ing two previously uncharacterized CNGB3 mutations, F525N
and R403Q, which are associated with complete achromatop-
sia and macular degeneration, respectively, in patients homozy-
gous for these mutant alleles [10,28]. In addition, we have
characterized channels that model a compound heterozygous
genotype associated with progressive cone dystrophy [27] by
co-expressing CNGB3

R403Q
 and CNGB3

T383fsX
 subunits with

wild-type CNGA3. These studies help to verify the pathogenic
nature of the F525N and R403Q mutations and provide clues
about the resulting pathogenic mechanisms.

METHODS
Molecular biology:  A cDNA clone for human CNGB3
(AF272900) was isolated as previously described (18). Hu-
man CNGA3 (AF065314) [31,32] was a generous gift of Prof.
K.-W. Yau (John Hopkins University, Baltimore, MD). Both
CNGB3 and CNGA3 were subcloned into pGEMHE [33] for
heterologous expression in Xenopus oocytes. Xenopus oocytes
were isolated as previously described [34]. The animal use
protocols were consistent with the recommendations of the
American Veterinary Medical Association and were approved
by the IACUC of Washington State University (Pullman, WA).
Point mutations were generated by overlapping polymerase
chain reaction (PCR) [35]. For all mutations, the amplified
cassettes were sequenced to confirm the fidelity of the PCR.
For expression in Xenopus oocytes, mRNA was synthesized
in vitro from channel subunit cDNA using an upstream T 7
promoter and the mMessage mMachine kit (Ambion, Austin,
TX). RNA was injected into each oocyte at approximately 8
ng of CNGA3 and 20 ng of total CNGB3 [36]. This ratio has
been previously shown to efficiently generate heteromeric
channels [16].

Electrophysiology:  Electrophysiological recordings were
made two to seven days after injection. Patch-clamp experi-
ments were performed with an Axopatch 200 B patch-clamp
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B:

 hCNGB3   YLRCYYWAVRTLITIG  GLPEP
 bCNGB1   YIRCYYWAVKTLITIG  GLPDP
 hCNGA3   YIYSLYWSTLTLTTIG  ETPPP
 bCNGA1   YVYSLYWSTLTLTTIG  ETPPP
 rCNGA2   YIYCLYWSTLTLTTIG  ETPPP
 rCNGA4   YLYSFYFSTLILTTVG  DTPLP

 MthK     WTVSLYWTFVTIATVGYGDYS P
            -----------------
             Pore helix   SF

C:
 hCNGB3   NFSIISKVDLFKGCDTQMIYDML
 bCNGB1   NYSIVSKVALFQGCDRQMIFDML
 hCNGA3   HLDTLKKVRIFQDCEAGLLVELV
 bCNGA1   HLDTLKKVRIFADCEAGLLVELV
 rCNGA2   HLSTLKKVRIFQDCEAGLLVELV
 rCNGA4   HLSTLSRVQIFQNCEASLLEELV
 mHCN2    CRKLVASMPLFANADPNFVTAML
           ------ -----  --------
             E’    F’       A

Figure 1. Disease-associated mutations in the CNGB3 subunit.  A: A
diagram shows the CNG channel subunit topology with approximate
locations of CNGB3 mutations. B: A protein sequence alignment is
shown of the P-loop region (the region of the subunit between the
fifth and sixth transmembrane domains) containing the R403Q mu-
tation (highlighted in red) for mammalian CNG channel subunits and
the related bacterial potassium channel, MthK. The structural do-
mains listed below this alignment are based on the known crystal
structure of MthK [58]. “SF” refers to the selectivity filter. C: A pro-
tein sequence alignment is shown of the portion of the C-linker re-
gion (the intracellular region of the subunit between the 6th trans-
membrane domain and the cyclic nucleotide binding domain) con-
taining the F525N mutation in CNGB3 (highlighted in red) for mam-
malian CNG channel subunits and the related hyperpolarization-gated,
cyclic nucleotide-modulated channel, HCN2. The structural domains
listed below this alignment are based on the known crystal structure
of the carboxy-terminal region of HCN2 [45]. E’, F’ and A refer to
specific α-helices within the HCN2 structure.
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amplifier (Axon Instruments, Foster City, CA) in the inside-
out configuration. Initial pipette resistances were 0.45-0.75
Mohm. Currents were low-pass filtered at 2 kHz and sampled
at 25 kHz. Intracellular and extracellular solutions contained
130 mM NaCl, 0.2 mM EDTA, and 3 mM HEPES (pH 7.2).
Cyclic nucleotides (Sigma, St. Louis, MO) were added to in-
tracellular solutions as indicated. L-cis-diltiazem (BIOMOL,
Plymouth Meeting, PA) was applied at a concentration of 25
µM in the presence of 1 mM cGMP to confirm the formation
of heteromeric channels. Intracellular solutions were changed
using an RSC-160 rapid solution changer (Molecular Kinet-
ics, Pullman, WA). Currents in the absence of cyclic nucle-
otide were subtracted. Recordings were made at 20 to 22 °C.
Dose-response relationships were obtained by plotting the
steady-state current at +80 mV as a function of cyclic nucle-

otide concentration. Dose-response data were fitted to the Hill
equation:

where I is the current amplitude, I
max

 is the maximum current,
[cNMP] is the ligand concentration, K

1/2
 is the apparent affin-

ity for ligand, and n is the Hill coefficient. Data were acquired
using Pulse (HEKA Elektronik, Lambrecht, Germany), and
analyzed using Igor Pro (Wavemetrics, Lake Oswego, OR)
and SigmaPlot (SPSS, Chicago, IL). The data were expressed
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Figure 2. CNGB3 mutant subunits form heteromeric channels.  A: Representative current traces are shown for channel activation by saturating
(1 mM) cGMP in the presence (arrowhead) or absence of 25 µM L-cis-diltiazem. Traces were elicited by voltage steps from a holding potential
of 0 mV to +80 mV, then to -80 mV and 0 mV. Leak currents in the absence of cyclic nucleotide were subtracted for all recordings. B: Box plots
are shown for the ratio of current in the presence and absence of 25 µM L-cis-diltiazem, at +80 mV and 1 mM cGMP, for wild-type heteromeric
(N=15) and homomeric (N=4) channels and mutant heteromeric channels (N=6 to 16). The line within the box represents the median; the box
indicates the 25th and 75th percentiles, while the whiskers show the 5th and 95th percentiles. Each mutant group was significantly different from
both the heteromeric and homomeric wild-type groups with an alpha level of 0.05. No significant differences were found between the mutant
groups. C: A bar graph is shown of current density normalized to the mean wild type current density for the relevant set of experiments (N=7
to 17). Only F525N was found to significantly increase current density compared to wild-type (p=0.003).
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as mean±SEM unless otherwise indicated. Statistical signifi-
cance was determined using a Student’s t-test or a Mann-
Whitney rank sum test (SigmaStat, SPSS), and a p value less
than 0.05 was considered significant.

RESULTS
 We determined the functional consequences of disease-asso-
ciated mutations in the CNGB3 subunit by co-expressing
mutant subunits with wild-type CNGA3 in Xenopus oocytes
at a constant ratio of CNGA3 to total CNGB3. Specifically,
we examined channels containing CNGB3

F525N
 [10], a muta-

tion located in the C-linker region near the cyclic nucleotide-
binding domain, CNGB3

R403Q
 [27,28], a mutation located in

the alpha-helical portion of the P-loop, and CNGB3
T383fsX

[10,11,27], a previously characterized null mutation [29] that
results in truncation of the entire carboxy-terminal cytoplas-
mic domain plus S6 and the P-loop (Figure 1). There are sev-
eral ways in which channel mutations can result in cone dys-
function, including disruption of heteromeric channel assem-
bly, alterations in protein stability and expression levels, or,
alternatively, mutant subunits might form functional channels
with altered properties.

To help distinguish among these possibilities, we first de-
termined if the mutant CNGB3 subunits could be incorpo-
rated into functional channels by using the CNG channel
blocker L-cis-diltiazem as a reporter for heteromeric channel
formation (Figure 2A,B). This compound, when applied to
the cytoplasmic face of the membrane, blocks native and re-
combinant heteromeric CNG channels in a voltage-dependent
manner. Heterologously expressed CNGA3 homomeric chan-
nels exhibit little sensitivity to L-cis-diltiazem, while wild type
heteromeric channels are significantly inhibited [18]. We found
that channels formed by CNGB3-F525N or CNGB3-R403Q
subunits in combination with CNGA3 subunits exhibited sig-
nificantly greater diltiazem inhibition relative to homomeric
CNGA3 channels (Figure 2A,B), indicating that the mutant
CNGB3 subunits participated in the formation of functional
heteromeric channels. However, mutant channels exhibited
somewhat reduced inhibition relative to wild type heteromeric
channels.

Next we tested the possibility that these mutations altered
the stability or plasma membrane expression level of the mu-
tant subunits by determining the impact of the mutations on
normalized patch-current density in a saturating concentra-
tion of cGMP (Figure 2C). Only the F525N mutation altered
this parameter, resulting in a significant enhancement of ex-
pression level relative to wild type heteromeric channels. None
of the mutations or mutant subunit combinations reduced
patch-current density. These results indicated that neither pro-
tein expression level nor apparent stability were significantly
reduced by these mutations, suggesting that they instead exert
their putative pathogenic effects by altering the gating or ion
permeation properties of the channels. A possible caveat re-
lated to this finding is that channel expression levels in Xeno-
pus oocytes may or may not replicate expression levels in spe-
cialized photoreceptor cells.

Wild type heteromeric cone CNG channels typically ex-
hibit outward rectification in their steady-state currents in satu-
rating cGMP (I

+80
/I

-80
=1.36±0.029; N=13) that is thought to

result from the slight voltage sensitivity of CNG channel gat-
ing [21-23]. We found that the mutations characterized in this
study significantly altered the rectification properties of the
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Figure 3. Impact of CNGB3 mutations on partial agonist efficacy.
A: Current traces are shown for activation by saturating concentra-
tions of cAMP (10 mM), or cGMP (1 mM). Traces were elicited by
the voltage protocol previously described in the legend to Figure 2.
B: Box plots are shown of the ratio of currents elicited by saturating
concentrations of cAMP and cGMP at +80 mV for homomeric (N=10)
and heteromeric (N=17) wild-type channels and mutant heteromeric
channels (N=7 to 16). The symbols are described in the Figure 2
legend. All heteromeric groups were significantly different from the
wild type homomeric group. Only the F525N group was significantly
different from the wild-type heteromeric group (p<0.001).
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resulting channels in opposing directions. Compared to wild-
type heteromeric channels, F525N-containing channels dis-
played significantly reduced outward rectification (I

+80
/I

-

80
=1.21±0.023, N=7 and p=0.003), while R403Q-containing

channels exhibited significantly increased rectification (I
+80

/I
-

80
=1.99±0.086, N=16 and p<0.001 for the homozygous model

and I
+80

/I
-80

=1.84±0.149, N=8 and p=0.005 for the compound
heterozygous model, as illustrated in Figure 2A and Figure
3A). These alterations in channel rectification may reflect ei-
ther changes in the ion permeation pathway or secondary ef-
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Figure 4. CNGB3 mutations alter apparent ligand affinity.  A: Representative dose-response relationships are shown for channel activation by
cGMP at +80 mV. Each current measurement is normalized to the maximum current in a saturating concentration of cGMP for that patch.
Continuous curves represent fits of the dose-response relation to the Hill equation. For wild-type A3+B3 channels (open circles), K

1/2
=22.3

µM and n=2. For A3+B3
R403Q

 channels (closed triangles), K
1/2

=15.3 and n=2. For A3+B3
R403Q

+B3
T383fsX

 channels (closed squares), K
1/2

=15.1
µM and n=2. For A3+B3

F525N
 channels (closed bows), K

1/2
=5.8 µM and n=1.5. B: Representative dose-response relationships are shown for

channel activation by cAMP at +80 mV. Currents were normalized to the maximum current in saturating cGMP for that patch. Continuous
curves represent fits of the dose-response relation to the Hill equation. For wild-type heteromeric channels (open circles), I

max
=0.274, K

1/2
=970

µM and n=1.4. For A3+B3
R403Q

 channels (closed triangles), I
max

=0.225, K
1/2

=940 µM and n=1.4. For A3+B3
R403Q

+B3
T383fsX

 channels (closed
squares), I

max
=0.198, K

1/2
=1000 µM and n=1.4. For A3+B3

F525N
 channels (closed bows), I

max
=0.650, K

1/2
=400 µM and n=1.2. C: Box plots are

shown of the K
1/2

 for cGMP. All three mutant groups were significantly reduced relative to wild-type channels (p<0.05 and N=7 to 16).
However, the F525N group was also significantly lower than the other mutant groups for this parameter (p<0.05). D: Box plots are shown of
the K

1/2
 for cAMP. Compared to wild-type heteromeric channels, the A3+B3

R403Q
 group (N=8) significantly increased this parameter (p=0.023),

while the A3+B3
F525N

 group (N=6) significantly reduced it (p<0.001). Symbols in the box plots are described in the legend to Figure 2.
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fects of changes in channel gating.
We next examined the gating properties of the mutant

channels by studying their activation by ligand. A large change
in the intrinsic gating properties of the channels would be ex-
pected to alter the efficacy of the partial agonist cAMP rela-
tive to the nearly full agonist cGMP. Again, only the F525N
mutation significantly altered this parameter compared to wild
type heteromeric channels (p<0.001; Figure 3). However, all
mutant groups exhibited significantly higher relative cAMP
efficacy compared to homomeric channels, providing addi-
tional evidence for heteromeric channel formation with these
mutant CNGB3 subunits.

To further characterize changes in gating of the mutant
channels, we examined the apparent affinity for both cGMP
and cAMP. Apparent affinity is influenced by both initial ligand
binding and the subsequent allosteric transition(s) associated
with channel opening. Hence, if these mutations reduce the
energy barrier for channel opening, they would be expected to
increase the apparent affinity for ligand. Each mutant con-
struct significantly enhanced the apparent affinity for cGMP
(Figure 4A,C; R403Q: K

1/2
=13.8±0.6 µM, n=2.0±0.1;

R403Q+T383fsX: K
1/2

=13.7±0.7 µM, n=2.0±0.1; F525N: K
1/

2
=6.2±0.6 µM, n=1.5±0.1) relative to wild type heteromeric

channels (K
1/2

=18.4±1.0 µM, n=1.9±0.1). Furthermore, the
apparent affinity for cGMP was significantly greater for the
F525N group relative to the other mutant groups, and this
mutation significantly altered the Hill coefficient (n) for the
cGMP dose response curve relative to wild-type channels
(p=0.003). In addition to these changes in cGMP apparent af-
finity, the F525N mutation also significantly enhanced the
apparent affinity for cAMP relative to wild-type channels (Fig-
ure 4B,D). These results collectively indicate that the muta-
tions in CNGB3 resulted in gain-of-function alterations in

channel gating that appear to correlate with the severity of the
associated disease. The gating effects for these mutations and
other disease-associated CNGB3 mutations that have been
characterized previously are summarized in Table 1.

DISCUSSION
 We have examined changes in channel gating for recombi-
nant cone CNG channels having disease-associated mutations
in the CNGB3 subunit: F525N, R403Q, or a combination of
R403Q plus T383fsX subunits. These CNGB3 mutations have
been linked to inherited retinal diseases of complete achro-
matopsia, macular degeneration, and progressive cone dys-
trophy, respectively [10,27,28]. Complete achromatopsia rep-
resents the most severe retinal disorder in this group as it is
characterized by a complete loss of cone function [3], whereas
patients having CNGB3 mutations associated with cone dys-
trophy or macular degeneration exhibit evidence of residual
cone function, including greater visual acuity and color dis-
crimination compared to patients with achromatopsia [28,37].

We have found that the CNGB3 mutations examined in
this study all produce gain-of-function changes in channel
gating. Furthermore, none of the simulated disease states de-
creased functional expression level and the F525N mutation
increased current density. These results are consistent with
enhanced channel activity. All disease-associated mutations
in CNGB3 that have been functionally characterized to date
[29,30], including the mutations examined here, produce gain-
of-function effects on channel gating (Table 1). Even effec-
tively null CNGB3 mutations, including T383fsX and another
frameshift mutation that results in a severely truncated CNGB3
subunit [38], may cause gain-of-function changes in channel
gating, since homomeric CNGA3 channels exhibit increased
cGMP apparent affinity compared to heteromeric channels and
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TABLE 1. CNGB3 MUTATIONS: GATING ALTERATIONS AND DISEASE

                                                              Functional effects on channel
                       Pathology                           ------------------------------------
--------------------------------------------------------              Aff. Coeff.   Aff. Coeff.
     CNGB3                                                            cGMP ratio    cAMP ratio
  Mutation(s)     Diagnosis    Disease characteristics     Severity   (wt/mutant)   (wt/mutant)   References
---------------   ---------   --------------------------   --------   -----------   -----------   ----------
F525N/F525N         ACHR      Very low visual acuity,        +++         2.97          2.65       [10]
                              absent cone ERG response,
                              and photophobia from birth

S435F/S435F         ACHR                                     +++         1.72          4.60       [8,11,29]

T383fsX/T383fsX     ACHR                                     ++          1.28          0.69       [11,29]

D633G/D633G         ACHR                                     +++         2.20          ND         [30]

R403Q/T383fsX       PCD       Color vision problems          +           1.34          0.89       [27]
                              develop later in childhood
                              and progressively
                              deteriorate

R403Q/R403Q         MD        Mild reduction in visual       +           1.33          0.84       [28]
                              acuity with progression

Summary of gating alterations and diseases diagnoses for functionally characterized mutations in the CNGB3 subunit. Diagnoses included
complete achromatopsia (ACHR), progressive cone dystrophy (PCD), and macular degeneration (MD). The affinity coefficients (“Aff. Coeff.”)
are the K

1/2
 for cGMP or cAMP. The disease characteristics listed are taken from published reports [3,27-29].
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cannot be down regulated by calcium-calmodulin [18,29,39].
Null mutations, however, in CNGB3 may disturb the stability
and/or localization of CNGA3 subunits in the photoreceptor
outer segment as has been demonstrated recently for CNGA1
subunits in rods of CNGB1-/- mice [2].

Typically, gain-of-function mutations in ion channels are
associated with autosomal dominant or semi-dominant pat-
terns of inheritance [40], but the diseases associated with these
CNGB3 mutations appear to follow an autosomal recessive
inheritance pattern [10,11,28]. There is limited evidence, how-
ever, of haploinsufficiency associated with the T383fsX mu-
tation, as a recent report described two individuals with only
one mutant allele (T383fsX/+) that exhibited mild reductions
in visual acuity [28]. However, the possibility remains that
the phenotype in these individuals is the result of an addi-
tional, unidentified mutation in some other gene or in a criti-
cal noncoding region of CNGB3, as other individuals heterozy-
gous for this allele were asymptomatic [28].

Another key finding in the present study is that the sever-
ity of the retinal disorder caused by the mutation or combina-
tion of mutations correlated well with the severity of the func-
tional consequences of the mutation(s) for channel gating
(Table 1). Thus, the mutation associated with complete achro-
matopsia (F525N) had a greater impact on apparent affinity
for cGMP than the other two disease-related, mutant subunit
combinations. In addition, F525N was the only mutation in
this study that significantly altered sensitivity to cAMP. En-
hanced cAMP sensitivity may potentiate responses to cGMP
at physiological ligand concentrations [41-43]. These findings,
in combination with previously published results characteriz-
ing other CNGB3 mutations [29,30], suggest that the degree
of pathogenesis resulting from the CNGB3 mutations arises
primarily from the functional alterations in the channel itself.
Additional functional studies for other disease associated
mutations in the CNGB3 subunit are needed to verify this
observation. This relationship between disease severity and
channel gating perturbation may not apply to disorders linked
to mutations in CNGA3 [9,44].

While we have observed a correlation between disease
severity and the functional alterations in mutant channels, we
did not observe any additional effects of co-expression of
CNGB3

T383fsX
 with CNGB3

R403Q
 and CNGA3

WT
 compared to

the CNGB3
R403Q

+CNGA3
WT

 channels. Patients that are com-
pound heterozygotes for both mutant alleles exhibit relatively
more severe deficits in cone function compared to patients
homozygous for the R403Q allele [27,28]. One possible ex-
planation for this discrepancy is that the severity of the dis-
ease in compound heterozygotes is influenced by an unidenti-
fied pathogenic or modifying mutation elsewhere. Another
possibility is that the T383fsX allele, which is thought to es-
sentially represent a null mutation [29], influences disease
progression via a gene-dosage effect. A single R403Q allele
may produce insufficient quantities of functional CNGB3, a
haplo-insufficiency. While we did not observe any additional
consequences of CNGB3

T383fsX
 co-expression on current den-

sity, our heterologous expression system may inadequately

model the expression pattern present in cone photoreceptors
of compound heterozygotes.

While the crystal structures of eukaryotic CNG channel
subunits have not been solved, insight into the mechanisms
by which these mutations alter channel function is provided
by the known structures of related channels (Figure 1). For
example, the crystal structure of the carboxy-terminal region
of the hyperpolarization-gated, cyclic nucleotide modulated
channel, HCN2, represents a structural model of the same re-
gion of CNG channels [45], including the C-linker where F525
is located. The gating of CNG channels has been previously
shown to be highly sensitive to structural alterations in the C-
linker [46-55]. The HCN2 crystal structure is thought to rep-
resent the ligand-bound but closed state of the channel
[45,53,54]. Disruption of C-linker salt bridges evident in the
HCN2 crystal structure enhances open probability in both
CNGA1 and HCN2 channels, suggesting that these charge
pairs stabilize the closed conformation of the C-linker [53].
F525 is predicted to participate in the high degree of packing
observed in this region; conversion of this highly conserved
hydrophobic residue into a polar asparagine might disrupt
packing and thereby destabilize the closed conformation of
the channel.

The crystal structures of related potassium channels, KcsA
and MthK [56-58], provide some insight into the mechanism
of R403Q’s functional effects. By analogy to these structures,
R403 appears to be located in the α-helical region of the P-
loop. Although the P-loop is generally considered to be part
of the “pore-forming” region of the channel, the α-helical
portion does not directly line the pore. Furthermore, the pat-
tern of cysteine accessibility to methanethiosulfonate (MTS)
reagents in this region of CNG channels is consistent with an
α-helical structure and suggests that R403 (L356 in CNGA1)
is not accessible to the ion conduction pathway [59-61]. The
pattern of cysteine accessibility was also dependent on the
conformational state of the channel, which suggests that this
region undergoes a structural transition during channel open-
ing [59,60]. Furthermore, the pore helix has been shown to be
an important site for inter-subunit contacts within the tetrameric
channel [56]. Hence, the R403Q mutation could impact chan-
nel gating by altering the nature of the interaction between
CNG channel subunits.

The possibility remains that R403Q could modify the
channel’s ion conduction properties indirectly by changing the
structure of the pore region or by changing the electrostatic
environment surrounding the critical pore glutamate residues
in such a manner that the calcium binding and permeation
properties of the CNG channels are altered [62]. Also, the
electrostatic properties and orientation of the pore helix have
been shown to influence the “cation-attractive” nature of the
pore region in the potassium channel KcsA [56,63]. Additional
experiments are needed to determine if R403Q alters perme-
ation properties such as calcium block, ion selectivity, and
single-channel conductance. Of possible relevance to this ques-
tion, R403Q alters the rectification of the CNG channel cur-
rents in a surprising manner. A gain-of-function gating effect
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could reduce outward rectification, as did the F525N muta-
tion, by making the allosteric transition associated with chan-
nel opening more favorable. In contrast to this, we found that
R403Q increased outward rectification. R403Q might indi-
rectly alter the structure of an ion binding site in the channel
pore.

The changes in apparent affinity for ligand discussed
above may reflect changes in the initial docking of ligand, the
subsequent conformational change(s) associated with chan-
nel opening, or both [64]. For the F525N mutation, increased
cAMP efficacy along with increased apparent affinity for
cGMP provide evidence that the intrinsic gating properties of
the channels are indeed altered. This conclusion is consistent
with the location of F525N (and R403Q) outside of the CNBD.
Single-channel recordings are needed to verify this interpre-
tation.

Gain of function mutations in CNGB3 are expected to
result in enhanced channel activity in cone photoreceptors.
Since the channels are steeply sensitive to cGMP and physi-
ological ligand concentrations are well below the channels’
K

1/2
 for cGMP, even small changes in ligand sensitivity may

have profound cellular consequences. Similarly, mutations in
proteins that regulate photoreceptor cGMP levels, such as those
that produce constitutive guanylyl cyclase activity [65,66] or
loss of cGMP phosphodiesterase activity [67], may result in
inappropriate levels of channel activity. As CNG channels rep-
resent the pathway for calcium entry into the photoreceptor
outer segment, an increase in the number of open channels
may produce elevated intracellular calcium levels and subse-
quently, cone dysfunction or degeneration. Sustained eleva-
tion of intracellular calcium has been suggested to be a cru-
cial step for apoptosis in general [68], and has been linked
specifically to rod photoreceptor degeneration via apoptosis
[69].

In summary, we have characterized gating effects of dis-
ease-associated mutations in the CNGB3 subunit and found
that they exhibit a gain-of-function phenotype at the molecu-
lar level. Furthermore, the mutation associated with the more
severe disorder of complete achromatopsia had more dramatic
consequences for channel gating compared to those mutations
linked to macular degeneration or progressive cone dystro-
phy. To our knowledge, this study represents the first func-
tional characterization of mutations in CNGB3 that are asso-
ciated with macular degeneration and progressive cone dys-
trophy, and thus provides new insight into their molecular
pathophysiology. Additional studies are needed to verify the
possible mechanisms for cellular pathogenesis proposed here.
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