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Mutations in the genes encoding the CNGA3 and CNGB3 subunits of the cyclic nucleotide-gated (CNG) channel of cone photoreceptors
have been associated with autosomal recessive achromatopsia. Here we analyze the molecular basis of achromatopsia in two siblings with
residual cone function. Psychophysical and electroretinographic analyses show that the light sensitivity of the cone system is lowered, and
the signal transfer from cones to secondary neurons is perturbed. Both siblings carry two mutant CNGA3 alleles that give rise to channel
subunits with different single-amino acid substitutions. Heterologous expression revealed that only one mutant forms functional chan-
nels, albeit with grossly altered properties, including changes in Ca>* blockage and permeation. Surprisingly, coexpression of this
mutant subunit with CNGB3 rescues the channel phenotype, except for the Ca*>* interaction. We argue that these alterations are respon-
sible for the perturbations in light sensitivity and synaptic transmission.
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Introduction

Achromatopsia is an autosomal recessive disorder, characterized
by the total loss of color discrimination, photophobia, nystag-
mus, and severely reduced visual acuity (Sharpe and Nordby,
1990; Sharpe et al., 1999). Recent molecular genetic analyses have
led to the identification of mutations in CNGA3, CNGB3, and
GNAT?2 that are associated with achromatopsia (Kohl et al.,
1998).

All three genes encode key components of the phototransduc-
tion cascade in cone photoreceptors. GNAT2 encodes the « sub-
unit of the G-protein transducin that is activated by the cone
rhodopsins; CNGA3 and CNGB3 encode the subunits A3 and B3
(Bonigk et al., 1993; Kohl et al., 2000; Sundin et al., 2000; Wiss-
inger et al., 2001) of the cyclic nucleotide-gated (CNG) channel
that mediates the light response in cones (Yu et al., 1996; Wiss-
inger et al., 1997; Gerstner et al., 2000).

Apart from complete forms of achromatopsia, several cases of
incomplete achromatopsia have been described that are charac-
terized by a residual ability to discriminate colors (Jiger, 1953;
Goodman et al., 1963; Pokorny et al., 1979, 1982). The molecular
basis of incomplete achromatopsia is, for the most part, un-
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known. Recently, mutations in the CNGA3 gene have been iden-
tified in a few patients with incomplete achromatopsia (Wiss-
inger et al., 2001). Because those patients retain some cone
function, we reasoned that mutant alleles encode functional
channel subunits that alter the human cone visual pathway in
characteristic ways.

Here we present a combined genetic, clinical, and electrophys-
iological approach to study a form of incomplete achromatopsia
in two sisters who carry two heterozygous CNGA3 mutations.
One mutation leads to a substitution of Thr to Arg in the S2-S3
linker (A31,,,r); the other mutation leads to a substitution of Thr
to Ser in the pore region (A3 ;405) (Wissinger et al., 2001). On in
vitro expression, only A3.5¢es forms functional channels that dis-
play altered ion permeation, gating, ligand sensitivity, and low
apparent affinity for extracellular Ca**. Surprisingly, coexpres-
sion of A3;405 with CNGB3 (B3) rescued most of the aberrant
properties except for the lower Ca** affinity. The lower Ca**
affinity is expected to perturb cone function in terms of light
sensitivity and synaptic transmission, consistent with the sisters’
visual deficits.

Materials and Methods

Subjects. All subjects provided informed consent to participate in the
study. The compound heterozygotes, AH and NH, were 13 and 17 years
of age, respectively, at the time of testing. The five control subjects
(24-38 years of age) had normal, trichromatic color vision.

Molecular genetic analysis. Exons and flanking intron sequences of the
CNGA3 and the CNGB3 genes were amplified by PCR from total
genomic DNA (Kohl et al., 1998). PCR products were purified by
Centricon-100 ultrafiltration (Amicon, Bedford, MA) and subjected to
DNA sequencing with the use of the AmpliTaq FS dye terminator tech-
nique (Applied Biosystems, Weiterstadt, Germany). Sequences were
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separated on an ABI 377 DNA sequencer (Applied Biosystems), analyzed
manually and independently by two experimenters, and assembled with
SeqMan software (DNASTAR, Madison, WI).

Segregation analysis and exclusion of the mutations T224R and T369S
in 100 control subjects (200 chromosomes) was performed by restriction
fragment length polymorphism (RFLP) analysis of PCR-amplified frag-
ments, including all available family members. In the RFLP assays, the
presence of the respective mutations was assessed by the gain of an Mnll
restriction site for 671C > G (T224R) and the gain of a BanlI restriction
site for 1106C > G (T369S).

Psychophysical and electroretinographic measurements. The cone con-
trast thresholds were measured on a red—green—blue (RGB) color mon-
itor (19 inch liyama Trinitron) at a viewing distance of 2.5 m using a
four-alternative forced choice staircase procedure (parameter estimation
by sequential testing). The subject’s task was to identify the orientation of
a Landolt C figure, which was embedded in a neutral gray background
[0.31 and 0.33 in Commission Internationale d’Eclairage (CIE) 1931 x
and y chromaticity coordinates, respectively]. The color of the figure was
varied along one of the cone isolation axes in the Judd-corrected CIE
1931 chromaticity diagram to selectively stimulate the long-wavelength-
sensitive (L), middle-wavelength-sensitive (M), or short-wavelength-
sensitive (S) cones or a combination of all three. The figure and the
background were composed of circles varying randomly in position and
luminance in six steps between 8 and 16 cd/m? (mean luminance, 12
cd/m?) so that the orientation of the gap in the Landolt C figure could
only be detected on the basis of cone contrast information. The thresh-
olds for L, M, and S cones and for the various combinations were deter-
mined simultaneously by interleaved, independent staircases.

The threshold-versus-intensity (TVI) functions were measured in a
Maxwellian view under conditions that isolate the L and M cones and
suppress rod function. The subject was first dark-adapted for 30 min. A
628 nm target (2° in diameter) was superimposed on a 502 nm back-
ground (13° in diameter). It was presented once a second for 50 msec as
a square-wave light pulse. A psychophysical adjustment procedure was
used to determine the quantal absorptions required to detect the target at
each background intensity. At each background intensity, the threshold
was measured at least twice and averaged. The background intensity was
increased in steps of 0.25 log units over a range of 7 log units. At each new
intensity level, the subject was light-adapted for 30 sec. The subject’s
position in the Maxwellian view was maintained by a dental wax impres-
sion of the subject’s teeth mounted on a machine tool rest and was
monitored by infrared imaging of the position of the pupil relative to the
aperture images of the target and background lights.

The fast cone flicker ERG was recorded binocularly with Dawson—
Trick-Litzkow (DTL) electrodes inserted above the margin of the lower
lid and referenced to the outer canthus, using an LKC Technology UTAS-
A2000 Ganzfeld display. The recordings were made according to the
International Society for Clinical Electrophysiology of Vision recom-
mendations. The test flash originated from a xenon flash discharge tube,
and the 86 cd/m? background originated from a 24 V, 80 W halogen
lamp. Before beginning the ERG recordings, the subject’s pupils were
dilated with 0.5% tropicamide (Mydriaticum; Hoffmann-La Roche,
Basel, Switzerland), and the subject’s eyes were dark-adapted for 30 min.
ERG recordings in the presence of background were started 10 min after
onset of the adapting field. Flash luminance was increased in steps of 0.2
log units by removing calibrated neutral-density filters (Wratten; East-
man Kodak Co., Rochester, NY). The amplitudes and phases of the re-
sponse were determined in the frequency domain of the stimulus fre-
quency (31.25 Hz) using a fast Fourier analysis.

The L cone-driven multifocal ERG (mfERG) response was recorded
using DTL electrodes after the subject’s pupils were dilated with 0.5%
tropicamide. The stimulus consisted of 103 hexagonal elements and was
generated on a flat-screen Sony Trinitron monitor. It subtended 84 X 75°
of visual angle at a viewing distance of 18 cm. The cone-isolating stimuli
were calculated from the emission spectra of the three phosphors (mea-
sured with a CAS 140 spectroradiometer; Instrument Systems, Munich,
Germany) and the cone fundamentals of Stockman et al. (1999) and
Stockman and Sharpe (2000), determined for 10° and larger viewing
conditions. A maximum cone contrast of 47% was obtained for the L
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cone-isolating stimuli. The L cone-isolating condition was chosen be-
cause of the predominant occurrence of L cones and the small residual
rod contrast of the stimulus. The rod system contribution to the mfERG
was additionally suppressed by the bright, rapidly alternating stimulus
and by maintaining the ambient luminance at 150 cd/m?. The mfERG
stimulation and data collection were performed by Veris system software
(version 3.0.1) from Electro-Diagnostic Imaging, Inc. (for details, see
Albrecht et al., 2002).

Heterologous expression of CNG channels. Full-length cDNAs of wild-
type (wt) CNGA3 and CNGB3 were constructed from overlapping cDNA
and rapid amplification of cDNA end fragments and cloned into the
vector pcDNA3.1/Zeo(+) or pcDNA3.1/Neo(+), respectively (Invitro-
gen, Carlsbad, CA). Mutants were generated using the QuickChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA). All inserts were
sequenced to verify correct orientation and sequence. The constructs
were expressed in human embryonic kidney 293 (HEK293) cells. Cells
were grown at 37°C (with 5% CO,) in minimal essential medium (41090;
Invitrogen) supplemented with 10% fetal calf serum, 1% nonessential
amino acids, and 1% antibiotic-antimycotic solution. Cells were trans-
fected for 20—22 hr by Ca®" phosphate coprecipitation, transferred to
poly-L-lysine-coated coverslips, and treated with 3 mm Na * butyrate for
24-48 hr.

Immunocytochemistry. Transfected cells were fixed in 0.1 M phosphate
buffer (PB), pH 7.4, containing 4% paraformaldehyde for 15 min. Fixed
cells were preincubated with 10% normal goat serum (NGS) and 0.5%
Triton X-100 in PB for 30 min, followed by incubation for 1 hr with
antiserum against the human CNGA3 polypeptide (FPc46, diluted
1:250), washed in PB, and incubated with anti-rabbit HRP (Amersham
Biosciences, Arlington Heights, IL; diluted 1:100 in 5% NGS and 0.5%
Triton X-100 in PB). After several rinses in PB, antibodies were visualized
using diaminobenzidine (0.05% DAB and 0.01% H,O, in PB).

Electrophysiology. Ligand sensitivity was determined with the patch-
clamp technique in inside-out patches of HEK293 cell membranes as
described (Bonigk et al., 1999). Macroscopic currents were recorded un-
der symmetric ionic conditions (in mm): 100 KCI, 10 HEPES, 10 EGTA,
and 24.5 KOH, pH 7.4. Cyclic nucleotides and dithiothreitol were added
to this solution as mentioned. Macroscopic currents were low-pass-
filtered (3 kHz) and digitized at 20 kHz. Leak currents recorded in the
absence of ligand were subtracted from currents in the presence of ligand.

The single-channel currents were recorded with a filter frequency of 5
kHz and a sample frequency of 48 kHz. For analysis, the data were filtered
at 1-5 kHz (eight-pole Bessel filter) and digitized at 10—12.5 kHz. Single-
channel currents were determined by fitting the sum of two to four
Gaussian functions to the all-points histogram of recordings of the re-
spective channels. Recordings were at least 4 sec in duration.

The blockage by extracellular Ca** was studied in outside-out patches
similarly as described (Seifert et al., 1999). The pipette and bath solution
contained (in mMm): 105 KCl, 45 KOH, 10 HEPES, and 10 nitrilotriacetic
acid (NTA), pH 7.4 (HCI). The free [Ca*"] in the bath was adjusted by
adding CaCl, and using the association constants from (Martell and
Smith, 1974). Free [Ca®"] was measured with a Ca* " -sensitive electrode
(KwikCal; WPI). The electrode was calibrated with Ca?* buffers with a
defined free Ca®"* concentration (Calbuf-1; WPI). Channels were acti-
vated with 1.5 mM cGMP. The leak current (I.,,) was estimated at the
expected reversal potential of —40 mV by using the following solution (in
mm): 118.7 N-methyl-p-glucamine, 31.3 KCl, 10 HEPES, and 10 NTA,
pH 7.4 (HCI). Only patches that showed a I, of <20% of I, were
considered for analysis. The blockage by extracellular Mg>" was mea-
sured using a solution containing (in mm): 105 KCl, 45 KOH, 10 HEPES,
and 10 EGTA, pH 7.4 (HCI). The free [Mg>"] was adjusted by adding
MgCl,.

Occasionally, on coexpression of A and B subunits, mixed channel
populations of homomeric and heteromeric channels were produced.
The contribution of homomeric channels to the macroscopic current
was estimated by two different methods. First, cAMP, unlike cGMP, is
only a partial agonist that does not fully activate CNG channels of rods
and cones (Tanaka et al., 1989; Altenhofen et al., 1991; Gordon and
Zagotta, 1995; Zong et al., 1998; Gerstner et al., 2000). The activation by
cAMP relative to that by cGMP differs between homomeric A3 and het-
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eromeric A3/B3 channels (Gerstner et al., 2000). Saturating concentra-
tions of cAMP (10 mwm) elicit, on average, 17% of the maximal cGMP-
activated current in A3 but 47% in A3/B3 channels (+80 mV). The
difference in relative activation is even more pronounced for mutant
channels: 4% in homomeric A3 ;44 channels compared with 59% in
heteromeric A3 5405/B3 channels (data not shown). Therefore, relative
cAMP activation is a useful measure for the homogeneity of a channel
population. Second, heteromeric channels are more sensitive to the
blockage by r-cis-diltiazem (Chen et al., 1993; Kérschen et al., 1995;
Gerstner et al., 2000). For A3/B3 channels, the voltage-dependent block
by 10 uM L-cis-diltiazem was approximately half-maximal at +40 mV
[blockage (mean * SD), 50 = 8%; N = 6; data not shown), whereas
homomeric A3 channels were blocked under identical conditions only by
4+ 1% (N = 7). L-cis-Diltiazem was not suitable to discriminate between
A3 5605 and A3 5495/B3 mutant channels because of a large across-patch
variability of blockage in heteromeric A3.5405/B3 channels. For example,
membrane patches from cells coexpressing A3.5405 and B3 with relative
cAMP activation of >50% exhibited blockages between 1 and 30% (+40
mV, 10 uMm L-cis-diltiazem).

Results
Genetic analysis
Two sisters (AH and NH, family CHRO21) were diagnosed as
incomplete achromats and genetically analyzed (Wissinger et al.,
1998, 2001). Genotyping of markers closely linked to the
ACHM?2/CNGA3 locus revealed a segregation pattern consistent
with linkage to this locus. In the CNGA3 gene in subject NH, two
heterozygous C-to-G transversions were identified at nucleotide
(nt) position 671 in exon 6 and nt 1106 in exon 7 (numeration
according to GenBank entry AF065314). The transversions result
in amino acid substitutions T224R and T369S, respectively. Res-
idue Thr-224 is located in the intracellular loop between trans-
membrane segments S2 and S3; residue Thr-369 is located in the
poreregion (Fig. 1 A). The transversions create additional restric-
tion sites for Mnll (at nt 671) and BanlI (at nt 1106), allowing the
detection of the mutant alleles by RFLP (Fig. 1B). Segregation
analysis using RFLP revealed independent inheritance of T224R
and T369S. The affected siblings are compound heterozygous for
the T224R and T369S mutations, whereas their parents carry
either T224R (the father) or T369S (the mother) (Fig. 1C). Both
mutations were excluded in 100 control subjects (200 chromo-
somes) and were also absent in any other patient with complete
or incomplete achromatopsia. In addition, the father carries on
his nontransmitted CNGA3 allele a C-to-T transition at nt 458,
resulting in the substitution T153M (Fig. 1 A). Because this mu-
tation was also detected in controls, and because the father has no
visual complaints, T153M probably represents a polymorphism.
We also sequenced all coding exons and flanking intron se-
quences of the CNGB3 gene in AH and NH and only found a
single heterozygous polymorphism in intron 1 present in both
siblings.

Psychophysical and electroretinographic characterization

AH and NH have photophobia but only occasionally exhibit the
pendular nystagmus that is typical for complete achromats. The
visual acuity of AH and NH was 0.3—0.5 (with spectacles) and
0.4—0.6 (with contact lenses), respectively. These values are in-
termediate between those of normal subjects (~1.0) and com-
plete achromats (=0.2). AH performed well on the Farnsworth
panel D-15 test, producing either no error (saturated version) or
a single error (desaturated version). Her anomalous quotient
(Rayleigh red—green equation) on the Nagel type I anomaloscope
was 0.67 (slightly protanomalous, indicating a slight weakness or
alteration in L cone function). NH performed weaker on both
versions of the panel D-15 test, with a strong tendency to make
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Figure 1.  Molecular genetic analysis. A, Topology of CNGA3 with six transmembrane do-

mains, the pore region, and the intracellular cGMP-binding site. The positions of the three
mutations are indicated by open circles. The location of intracellular Cys residues that might be
involved in redox reactions are indicated by filled circles. B, RFLP-based segregation analysis of
(NGA3 mutations in family CHRO21. Restriction patterns are shown with Mnll for the detection
0f 671> (T224R) in exon 6 and Banll for the detection of 1106C>G (T369S) in exon 7. Arrows
indicate bands that differ between wt and mutant alleles. C, Segregation of wt and mutant
(NGA3 alleles in family CHRO21. Subjects AH and NH (filled circles) are incomplete achromats,
whereas their parents (open square, father; open circle, mother) are without visual complaints.
D, Pore region alignment for human CNGA1 (A1), (NGA2 (A2), (NGA3 (A3), (NGA4 (A4), (NGB
(B1), and CNGB3 (B3). Amino acids corresponding to Thr-369 in A3 are shown with a black
background.

confusions along the tritan axis (indicating a weakness in S cone
function; see below). Her anomalous quotient on the Nagel type
I anomaloscope was 0.40 (more strongly protanomalous than
that of AH).

Specific tests of color discrimination and light sensitivity pro-
vided a more precise description of residual cone function. Color
discrimination was analyzed using a cone contrast sensitivity test,
designed to probe independently L, M, and S cone function. This
test revealed that both sisters have reduced sensitivity along all
three cone excitation axes, indicated as protan (L cone), deutan
(M cone), and tritan (S cone) (Fig. 2A). AH’s sensitivity is re-
duced for all colors by about the same extent. NH’s sensitivity is
similar to that of AH along the deutan and protan axes but is
significantly poorer along the tritan axis, consistent with her per-
formance on the panel D-15 test. In fact, in the cone contrast
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Figure2.  Psychophysical analysis. 4, Cone contrast thresholds plotted in the CIE 1931 chro-

maticity diagram. The continuous lines indicate the x and y chromaticity coordinates of satu-
rated colors; the triangle (dashed line) includes all colors that can be displayed on the RGB color
monitor. The dotted lines labeled Protan, Deutan, and Tritan refer to the cone excitation axes of
the L, M, and S cones, respectively. They intersect at the point of neutral background chroma-
ticity. Average cone contrast thresholds, measured for the right eye, are shown for subjects NH
(filled squares) and AH (open squares). Similar results were obtained for the respective left eyes.
Cone contrast thresholds of four normal subjects (measured for the right eye) were fitted by the
ellipse (centered near the intersecting axes) using a least squares fit algorithm. B, Cone TVI
functions. Incremental thresholds for a 628 nm target, flashed once every 1 sec for 50 msec,
were measured as a function of the quantal flux density of a 502 nm background. The thresholds
of NH (filled squares), AH (open squares), and four normal subjects (filled circles, representing
mean = SD) were measured in the respective right eyes.

sensitivity test, NH was unable to see green and yellow along the
tritan axis.

Light sensitivity of the cone system was analyzed using TVI
experiments (Fig. 2B) (Sharpe et al., 1989). Compared with nor-
mal subjects, both sisters displayed elevated cone thresholds (i.e.,
decreased light sensitivity), irrespective of their cones being in the
dark-adapted state (absolute cone threshold) or in the light-
adapted state. Although both sisters displayed decreased light
sensitivity, their cones switched from the dark-adapted to the
light-adapted state at approximately the same background inten-
sities as do those of normal subjects (10’-10® quanta s ~' - °~2).
Threshold values of NH increased with background intensities
similarly to those of normal subjects, whereas threshold values of
AH increased faster. AH felt uncomfortable at the highest back-
ground intensities because of photophobia; therefore, no mea-
surements were made at >10'%> quanta-s~'-° 7%

Cone flicker ERG recordings revealed that the response am-
plitude in both sisters saturates at lower flash luminance values
than that of normal subjects (Fig. 3A4). The response amplitude in
AH seems to be normal at low flash luminance, whereas in NH, it
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Figure3. ERGrecordings. 4, B, Fast cone flicker ERG recordings. A, Response amplitude as a

function of flash luminance for a Ganzfeld flickering (31.25 Hz) stimulus presented in the dark
(left) or on a background (86 cd/m % right). Data points represent values measured in either the
right or the left eye of NH (filled squares) and AH (open squares) or values measured in the right
eyes of five normal subjects (filled circles, representing mean = SD). Data of AH and NH (aver-
aged over both eyes) and mean data of normal subjects have been fitted with the equation A =
Amax ["(I" + 1,,,"), where Ais the response amplitude; A, maximal amplitude; /, flash
luminance; and/, ,, flash luminance of half-maximal response amplitude. Solid lines represent
fitted curves with the following parameters: normal subjects, 4, 69 11V; I, , 0.76 cd - sec /m?;
n=1.1(nobackground); and A,,,,., 80 j1V; , ,, 249 cd - sec/m% n = 1.2 (with background);
AH, Ao 25 Vs 15, 014 cd - sec/m%n = 2.1(no background); and A, 53 uV; 1,5, 1.31
cd - sec/m? n = 1.2 (with background); and NH, A, 13 uV; /;,5, 0.39 d - sec/m%n = 1.5
(nobackground); and A, 20 j1V; /; ,, 0.94 cd - sec/m? n = 1.0 (with background). 8, Phase
(in degrees) between stimulus and response as a function of flash luminance. The stimulus was
presented in the dark (left) or on a background (86 cd/m % right). Symbols are as in A. ¢, mfERG
summed over a visual angle of 84 X 75°. Responses to L cone-isolating stimuli of normal
subjects (gray line, representing the mean response of 14 subjects) and AH (black lines) are
shown. Responses of AH were measured either in the left (left) or right (right) eye, and re-
sponses of normal subjects were measured in the right eye. The potential at the time of stimulus
onset was set to 0 V. Symbols indicate the first minimum (N1) and the maximum (P1) of the
respective response. N1 amplitudes are —3.2 .V (normal subjects), —3.3 wV (AH, left eye),
and —2.6 wV (AH, right eye); N1 latencies are 15.7 msec (normal subjects), 14.0 msec (AH, left
eye), and 16.5 msec (AH, right eye). Amplitude differences between N1 and P1 are 10.8 .V
(normal subjects), 5.1 wV (AH, left eye), and 6.3 LV (AH, right eye); P1 latencies are 28.0 msec
(normal subjects), 38.8 msec (AH, left eye), and 33.0 msec (AH, right eye).

is smaller. In normal subjects as well as in both sisters, when a
moderately intense Ganzfeld background (86 cd/m?) is present,
the response—flash luminance relation is shifted to higher flash
luminance values with larger maximal response amplitudes (Fig.
3A, right). An increase of the response amplitude in the presence
of an adapting field has been described previously (Gouras and
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MacKay, 1989; Peachey et al., 1992). Notably, the phase between
the flickering target presentation and the response was strongly
shifted in both sisters, indicating an increased response delay
(Fig. 3B). Unlike in normal subjects, the responses of AH and NH
did not accelerate with flash luminance.

Summed L cone-driven mfERG responses recorded from AH
using a silent substitution technique to modulate L cone quantal
catches while keeping S and M cone quantal catches constant
(Albrecht et al., 2002) showed an initial negative component
(N1), which was similar in amplitude and implicit time to that of
normal subjects (Fig. 3C). The following positive peak (P1) was
broadened and significantly reduced in amplitude and prolonged
in implicit time in both eyes.

Characterization of homomeric wild-type and mutant
CNGA3 channels

The CNG channel of cones is composed of CNGA3 and CNGB3
subunits (Bonigk et al., 1993; Gerstner et al., 2000). CNGA3 but
not CNGB3 forms functional homomeric channels in heterolo-
gous expression systems.

The wt CNGA3 (A3) and the mutant subunits A3 550,
A3 54p and A3 5406, present in family CHRO21, were studied
either ashomomeric or as heteromeric channels (by coexpression
with the B3 subunits; see below). Immunostaining using the
polyclonal antiserum FPc46 revealed that 17-25% of transfected
HEK293 cells expressed A3, A31q53vp> A31aoar> OF A3ps0s. We
tested the function and Ca®" permeability of wt and mutant
CNGA3 subunits by Ca*" imaging (Weyand et al., 1994). Stim-
ulation by 8-bromo-cGMP evoked a Ca*™ influx in A3, A3 530,
and A3 5405 but not in A3-,,,5 (data not shown).

The electrophysiological properties of the channels were char-
acterized in inside-out membrane patches excised from trans-
fected HEK293 cells. Consistent with the Ca**-imaging result,
no cGMP-activated currents were detected in cells transfected
with A31,,,z constructs. The properties of A3p,s5, (data not
shown) were not significantly different from those of A3, sup-
porting the notion that A3 55, represents a polymorphism.
Therefore, we restricted our further analysis to A3 and A3 1540s.

Figure 4, A and B, shows currents of A3 and A3 549, respec-
tively, in the presence of low (left) and saturating (right) cGMP
concentrations. The cGMP-activated currents of A3 and A315405
differed in several aspects. First, at saturating cGMP concentra-
tions and for similar current amplitudes, the current noise of
A3.5605 Was larger than that of A3. Second, the I-V relation for
fully activated A3 was almost linear, whereas that of A35405 Was
outwardly rectifying (data not shown). Third, currents of A3 5405
in excised patches displayed a pronounced “rundown” (Fig. 4C,
open circles), whereas the current amplitude of A3 remained
mostly unchanged, even for long recording times (Fig. 4C, filled
circles). In the presence of 10 mm dithiothreitol (DTT) in the
intracellular solution (Fig. 4C, shaded circles), rundown of
A315605 Was attenuated. The effect of DTT indicates that the run-
down is caused by the oxidation of intracellular sulfhydryl groups
in A3 5405 (see Fig. 1 A). Last, the cGMP sensitivity of A3 545 Was
significantly lower compared with that of A3. Figure 4D shows
dose-response relations for A3 and A3;45s. The mean value for
half-maximal activation (Kj,,) was 19.0 um for A3 and 91.0 um
for A3 5605, demonstrating that A3 5405 is almost fivefold less
sensitive to cGMP than A3. Unlike the current amplitude, the
c¢GMP sensitivity of A3540¢ did not change with time (data not
shown).

The siblings are compound heterozygotes, having inherited
one mutant allele from the mother (A3.;45) and the other mu-
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Figure 4.  Electrophysiological properties of homomeric channels. A, Current recordings of A3

channelsininside-out patches. VVoltages were applied from a holding voltage of 0 mV to voltages from
—80to +80mVin 20mV increments. A3 channels were activated with 10 umor 1150 pm cGMP. B,
Current recordings of A3 ;3495 channels. A3y, channels were activated with 50 or 2750 um cGMP.
The voltage protocol was as in A. G, Progressive decline of maximal cGMP-activated currents from
A3 1340 (open circles) that was not observed for A3 (filled circles). In the presence of 10 mu DTTin the
intracellular solution, currents through A3, remained stable with time (shaded circles). Data
points represent current amplitudes /.., at +80 mV, normalized to the amplitude /, of the first
recording at t = 0. D, Ligand sensitivity of wt and mutant (NGA3 channels. Normalized currents
(I/1.,,,]) versus cGMP concentration for A3 (filled circles), A3134o (open circles), and A3;,,4p /A3 13605
(filled triangles) channels are shown (—80 mV). No cGMP-activated currents were observed with
A3 1545 Solid lines were calculated with the Hill equation using the following parameters: £, ,,
19.0 =44 pw;n = 21203 (A3 N =6);K,/,,91.0 = 19.9 um;n = 1.8 == 0.3 (A3 13505, N = 14);
and K5, 1104 = 30.6 um; n = 1.7 % 0.2 (3145 /A313605; N = 5). Error bars indicate SD. £,
Single-channel properties of A3. A recording of a single A3 channel at 1.2 mm ¢<GMP and +50 mV
(low-pass-filtered at 1 kHz) is shown. The dotted line indicates the closed channel level. The graph
shows an all-points histogram of the entire recording (250 sec). The all-points histogram was fitted
with two Gaussian functions, revealing a single-channel conductance of 21 pSanda®, ,,,, 0f0.87.F,
Single-channel properties f A3 13445 Arecording of asingle A3 ;345 channel at 1.2 mmcGMPand + 50
mV (low-pass-filtered at 1kHz) is shown. The dotted line indicates the closed channel level. A3;;44
displays two gating modes (modes a, b) with different conductance levels. Graphs show all-points
histograms of recordings of currents either in gating mode a (left) or gating mode b (right) at 1.2 mm
¢GMPand +50 mV (low-pass-filtered at 5 kHz). The two all-points histograms were fitted with three
and two Gaussian functions, respectively, revealing single-channel conductances of 25 and 80 pS
(mode a) and 30 pS (mode b).
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tant allele from the father (A3.,,4z). We simulated this condition
by coexpression of the mutant subunits. The dose-response rela-
tion of the resulting channels (Fig. 4D, filled triangles) was not
significantly different from that of the homomeric A3 ;445 chan-
nel. Similarly, coexpression of A3,z with A3 or A3 53, did
not change the properties compared with the respective homo-
meric channels (data not shown). These results argue that mutant
A3.,,,r does not incorporate in heteromeric channels and prob-
ably represents a null allele.

The larger current noise of A3;4,s might be attributable to a
larger single-channel current () or a smaller maximal open prob-
ability (P, ,,,..) or by a combination of both effects. Similarly, the
outward rectification of A3 5405 might be produced by the volt-
age dependence of P, i, or both. We examined ion permeation
and gating by measuring single-channel events. The unitary con-
ductance of A3 was 21 pS (at +50 mV) and 19 pS (at —50 mV);
the P, ., values at saturating cGMP were 0.87 and 0.89, respec-
tively (Fig. 4E). The unitary current of A315¢. Was severely al-
tered in several aspects. Although A3 displayed only a single con-
ductance and gating mode, A3 Showed two distinct gating
modes that differed in conductance and kinetic behavior (Fig.
4 F). One gating mode (mode a) displayed extremely short, flick-
ery openings. All-points histograms of currents derived from
mode a were fitted best with the sum of three Gaussian functions,
indicating at least two open states with conductances of 25 and 80
pS (+50 mV). The other gating mode (mode b) was character-
ized by relatively long openings to a conductance level of 30 pS
(+50 mV). The determination of P,,,,. was hampered by the
rundown that decreased the frequency of opening events with
time. However, because the voltage dependence of the conduc-
tance levels was negligibly small (between *50 mV), we propose
that the enhanced outward rectification of A3-545 is caused by a
decrease of P,,, .. at negative voltages. In summary, a larger
single-channel conductance and a smaller P, ,,,,. account for the
larger current noise and for the rectification of macroscopic cur-
rents of A3-540s. The two distinct gating modes of A3 5495 are
likely to represent two different conformations of the mutant
channel. The existence of only a single gating mode of A3 suggests
that the wt channel has a more stable conformation. Possibly, a
less dense packed pore in A3 54, attributable to four lacking
methyl groups, allows the mutant channel to adopt several
conformations.

CNG channels from rods and cones conduct mixed inward
currents carried by Na™, Ca®", and Mg** (Hodgkin et al., 1984;
Yau and Nakatani, 1984; Perry and McNaughton, 1991; Haynes,
1995) (for review, see Yau and Baylor, 1989; Kaupp and Seifert,
2002). The Ca*™ entry is important because it provides a negative
feedback that promotes both recovery from the light response
and light adaptation (for review, see Pugh and Lamb, 2000). Be-
cause Ca*" ions pass more slowly through the channel pore than
Na™* ions, extracellular Ca?" and Mg2+ block the Na ™ current
by competing for a common intrapore binding site that is formed
by glutamate residues of CNGA subunits (Root and MacKinnon,
1993; Eismann et al., 1994; Seifert et al., 1999). We reasoned that
the T369S substitution adjacent to Glu-368, the pore glutamate in
human CNGA3, may perturb the binding of Ca**. As a result,
T369S might affect Ca®" permeability and Ca** blockage.
Therefore, we probed the Ca®" affinity by measuring the Ca**
blockage of the K™ current in excised outside-out patches (Eis-
mann et al., 1994; Frings et al., 1995; Seifert et al., 1999). Increas-
ing the extracellular Ca*" concentration progressively blocked
the current both in A3 (Fig. 5, filled circles) and A3;4.5 (Open
circles). The Ca*" dependence of blockage is described by a
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Figure 5.  Blockage by extracellular Ca2* of A3 and A3, channels. Dose—response rela-
tions at —80 mV (left) and +80 mV (right) for the blockage of monovalent current by extra-
cellularCa? " ions for A3 (filled circles) and A313605 (open ircles) channels are shown. Solid lines
were calculated with the equation //l,.,, = (1 — a) K./(K; + ¢) + a, where cis Ca** concen-
tration; K;, concentration of half-maximal inhibition; and g, residual current nonsusceptible to
blocking, using the following K; values: 387.9 == 36.0 um (+80mV) and 9.9 = 1.4 um (—80
mV) (A3;N = 6);and 381.4 = 85.4 um (+80 mV) and 289.5 == 59.1 pum (—80 mV) (A3 134055
N=75).

simple binding isotherm. The mean values for half-maximal
blockage (K;) were 9.9 um for A3 and 289.5 um for A3ps40g
(at —80 mV) and 387.9 and 381.4 M, respectively (at +80 mV).
Thus, the affinity of the intrapore Ca**-binding site is almost
30-fold lower (at —80 mV) in A315405 compared with A3.

Coexpression of A and B subunits

To match the situation in the affected siblings, we coexpressed
A3, A31554r> OF A3360s With CNGB3 (B3). Although A3,k
when coexpressed with B3, failed to form functional channels,
giving credence to the notion that A3, represents a null allele,
both A3 and A3 ;45 coassembled with B3 to form functional
heteromeric channels. The contribution of homomeric channels
to macroscopic currents was estimated from the differential
cAMP sensitivity and blockage by L-cis-diltiazem (see Materials
and Methods). Macroscopic currents carried by heteromeric
A3/B3 and A3 ;4¢/B3 channels displayed similar properties in
many aspects (Fig. 6), in contrast to the distinct differences be-
tween the respective homomeric A3 and A3 15405 channels. First,
no obvious difference in current noise was observed for A3/B3
and A3.;40s/B3 channels (Fig. 6A,B). Second, the difference in
current rectification is small between A3/B3 versus A315405/B3,
whereas the difference between the A3 versus A3.545 pair is size-
able. Third, the rundown of cGMP-activated currents that exists
in homomeric A3-5405 channels was not observed with hetero-
meric A3 540¢/B3 or A3/B3 channels (Fig. 6C, open squares). This
feature provided another convenient measure to ascertain a ho-
mogenous population of A3 5495/B3 channels; experiments with
A3.5605/B3 channels were only considered from patches that
showed no rundown. Most significantly, A3/B3 and A3.5405/B3
exhibited only a small difference in cGMP sensitivity (Fig. 6 D):
the A315605/B3 channel (open squares) is activated by cGMP with
aK,,,0f20.1 uMand A3/B3 (filled squares) with a K, 0f26.3 uMm
(at —80 mV). We also compared A3/B3 and A3;4s/B3 on the
single-channel level. Like macroscopic currents, single-channel
events of A3/B3 and A3.5405/B3 by and large were similar (see
supplementary material, available at www.jneurosci.org).

Last, the dose-response relation of Ca** blockage was deter-
mined for A3/B3 and A3340¢/B3 channels. Figure 6 E shows K;
values versus voltage for homomeric and heteromeric channels.
Compared with the respective homomeric channels, heteromeric
channels displayed higher K; values at all voltages, indicating that
incorporation of the B3 subunit reduces the Ca*" affinity of the
intrapore binding site. Similar effects on the Ca*" affinity have
been described for CNGBla and CNGBI1b, the B subunits of
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voltage protocol was as in Figure 4 A. B, Current recordings of A3 345 /B3 channels in inside-out patches. A3 ;5445 /B3 channels were activated with 13 or 5700 tum cGMP. The voltage protocol was
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lines were calculated with the Hill equation with the following parameters: K, ,, 26.3 = 5.9 um; n = 1.9 = 0.1(A3/B3; N = 4);and K, 5, 20.1 == 1.5 um; N = 2.1 = 0.6 (A3 3495 /B3; N = 3).For
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obtained for —80 and +80 mV only. Error bars indicate SD.

CNG channels in retinal rods and olfactory sensory neurons,
respectively (Korschen et al., 1995; Dzeja et al., 1999). The K;
values for A3/B3 and A35405/B3 channels were mostly similar at
positive voltages, whereas they differed significantly at negative
voltages. Qualitatively similar results were obtained for blockage
by Mg*" (data not shown). The relief of blockage at negative
membrane voltages has been interpreted as facilitated perme-
ation of blocking ions (Colamartino et al., 1991; Frings et al.,
1995; Seifert et al., 1999), suggesting that the different voltage
dependence of the K; values of A3/B3 and A3 544¢/B3 confers a
physiologically important difference in the molecular phenotype
of wt and mutant channels. The higher K; values at negative volt-
ages indicate that A3;65/B3 is more permeable to Ca** (and
Mg>") than A3/B3 under physiological conditions.

Discussion

In this study, we report the functional properties of mutant
CNGA3 subunits identified in two sisters with incomplete achro-
matopsia. The psychophysical and ERG studies show that cone
function, although preserved to a considerable extent, is im-
paired in characteristic ways. The severely altered properties of
the homomeric mutant A3.5¢.5 Seem to be inconsistent with the
relatively mild phenotype. However, coexpression of A31;60s
with wt B3 rescued most of the alterations, except for the Ca?t
permeability. This finding seems all the more surprising because
CNG channels of rods and probably also cones comprise only a
single B subunit and three A subunits (Weitz et al., 2002; Zheng et
al., 2002; Zhong et al., 2002). However, A and B subunits are
likely to entertain multiple sites of contact between each other, in
particular in the cNMP-binding and C linker region. These con-
tacts may “normalize” the structure of the pore region.

A plethora of studies have identified amino acid residues that
seem to be important for specific channel functions such as gat-
ing and permeation. Most of these studies used homomeric chan-
nels. Our results underscore the necessity of examining the mu-
tations in heteromeric channels.

In the following, we speculate about the functional conse-
quences of the mutant channels that form the basis of the pa-
tient’s phenotype.

Composition of mutant channels

The affected subjects are compound heterozygous for the muta-
tions; i.e., they carry both the A3;405 and the A3, alleles. On
heterologous expression, only A3.;.¢ gave rise to functional
channels, whereas A3,,, failed to form functional channels on
its own or when coexpressed with B3. Furthermore, in coexpres-
sion studies, A3,,4r did not change the properties of A3, A313405,
or A31;s3m. These results argue that, when heterologously ex-
pressed, functional channels are lacking the A3.,,,; subunit.
Likewise, the native CNG channel may also not incorporate this
mutant subunit. Alternatively, A3 ,,,zx may exert a dominant
negative effect, rendering the heteromeric channel complex non-
functional. Either explanation can account for the observed elec-
trophysiological results. Irrespective of being a null mutant or a
dominant negative mutant, A3,y is expected to lower the den-
sity of functional channels in the cone outer segment of the af-
fected siblings and their father. It can be deduced from the fa-
ther’s normal color vision that a fraction of wt subunits is
sufficient for normal cone function. However, it is conceivable
that a lower channel density may contribute to cone dysfunction
when a second mutant subunit is present. We will return to this
point later in the discussion.

The pore mutation produces multiple changes

The mutant A3 is remarkable because the conservative sub-
stitution in the pore loop affects all aspects of channel function,
including gating and ligand sensitivity. In particular, the fivefold
shift in ligand sensitivity is unexpected because the mutation is
located at a position that is accessible only from the extracellular
side (Becchetti et al., 1999a), whereas the binding site for cyclic
nucleotides is located intracellularly (Kaupp et al., 1989). The
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effect of the pore mutation on the ligand affinity might be ex-
plained by the intimate reciprocal relationship between binding
and gating in ligand-gated channels (Colquhoun, 1998). It has
previously been suggested that the pore loop of CNG channels
participates in gating rearrangements on the basis of the effect of
amino acid substitutions on the open probability and ligand sen-
sitivity (Bucossi et al., 1996; Bucossi et al., 1997; Becchetti and
Gamel, 1999b; Gamel and Torre, 2000; Gavazzo et al., 2000).
Most probably, structural alterations in the extracellular pore
mouth of A3 5445 propagate to intracellular regions of the chan-
nel that are involved in ligand binding and gating (e.g., S6, C
linker, and cNMP-binding site). The sensitivity of A3 545 to the
intracellular redox potential supports this possibility.

Cellular malfunction and phenotypic representation

The heteromeric A3;405/B3 channel is characterized by a lower
efficacy of Ca*™ blockage at negative membrane voltage attribut-
able to an increase in Ca®" permeability. In addition, a nonfunc-
tional A3.,,,x subunit might reduce the channel density. Can
we predict cellular consequences that might result from these
alterations?

A lower efficacy of blockage by Ca*™ is expected to increase
single-channel current. One of the consequences will be a rise of
dark current noise and therefore a lower signal-to-noise ratio of
the light response. If, in addition, the channel density is reduced,
the signal-to-noise ratio should be even further reduced. Minor
alterations are expected for the dark current and for intracellular
[Ca*™] ([Ca**],). Although we cannot predict whether the dark
current and [Ca”™]; are increased because of the single-channel
properties or decreased because of a lower channel density,
Ca*"-regulated negative feedback on the synthesis and degrada-
tion of cGMP (for review, see Pugh and Lamb, 2000), on the
activity of the cone CNG channel, and on the activity of the
Na*/Ca?"—K™ exchanger (Korenbrot and Rebrik, 2002) will
ameliorate changes in dark current and [Ca*™];. For example, at
low [Ca®"];, the Ca*"-binding proteins GCAP1 and GCAP2
stimulate GC activity (for review, see Koch et al., 2002). More-
over, at high [Ca®"],, the cGMP sensitivity of photoreceptor
CNG channels is lowered (Hsu and Molday, 1993; Gordon et al.,
1995; Rebrik and Korenbrot, 1998; Korenbrot and Rebrik, 2002;
Peng et al., 2003). Therefore, we favor the idea that enhanced
current noise is the principal defect in the outer segment caused
by the mutant CNG channel.

Are these predictions supported by the clinical manifesta-
tions? The contribution of cones to the photopic mfERG is con-
sidered small (for review, see Hood et al., 2002). However, a large
change in dark current should be manifest in the N1 amplitude.
The mfERG signals do not reveal any difference, but our mea-
surements are lacking the resolution that would allow detection
of small changes in dark current. All we can conclude is that the
dark current cannot be grossly altered compared with that of
normal cones. Likewise, the mechanism of light adaptation,
which strongly depends on [Ca*]; (for review, see Pugh and
Lamb, 2000), seems to be similar in mutant and normal cones,
suggesting that the dynamics of the light-induced changes in
[Ca**]; are by and large also similar. In contrast, the light sensi-
tivity of the cone system is reduced in the patients as indicated by
the increase in absolute cone threshold. We argue that an increase
in intrinsic photoreceptor noise originating from the mutant
CNG channel is responsible for the lower light sensitivity.

In cones, CNG channels are located not only in the outer
segment but also in the synaptic terminal (Rieke and Schwartz,
1994; Savchenko and Kramer, 1997). The opening of synaptic

J. Neurosci., January 7, 2004 - 24(1):138 147 145

CNG channels is expected to increase [Ca®"]; in the synaptic
terminal by two distinct mechanisms: directly by the large Ca**
permeability of the channel and indirectly by its depolarizing
force activating voltage-dependent Ca** channels. It has been
proposed that the activity of the CNG channel extends the voltage
range within which synaptic transmission operates (Rieke and
Schwartz, 1994; Savchenko and Kramer, 1997). If the synaptic
CNG channel is identical to that in the outer segment, then
[Ca**]; in the synaptic terminal of the mutant cone might be
altered. The Ca®" dependence of neurotransmitter release is ex-
tremely steep. Therefore, the light-induced changes in synaptic
[Ca®*]; are no longer tuned to the dynamic range of neurotrans-
mitter release. This effect could account for the reduction in light
sensitivity, the smaller amplitude and delay of the b wave, and the
alterations of the P1 component of the mfERG. Unfortunately,
little is known about the regulation of the synaptic CNG channel
(Savchenko and Kramer, 1997) and, therefore, about potential
feedback mechanisms that may attenuate the changes in synaptic
[Ca?™],. In conclusion, alterations in both the outer segment and
the synapse may contribute to the phenotype.

Phenotypic differences between the sisters

The sisters show the symptoms of incomplete achromatopsia
with different severity, suggesting that their disorder is produced
not only by the mutant CNGA3 alleles but also by other genetic
factors. However, some of the phenotypic differences might have
simple explanations. The differences in visual acuity and color
vision performance might be explained by different retinal loci
used by AH and NH for optical fixation: the maximum visual
acuity correlates with cone density, which is maximal in the cen-
tral fovea and decreases with retinal eccentricity (Hirsch and Cur-
cio, 1989; Curcio et al., 1990). Normal subjects use the central
fovea for fixation that enables maximal visual acuity. Because S
cones are absent in the central fovea (Curcio et al., 1991), normal
subjects display cone contrast sensitivities that are lower for S
cones than for L and M cones. Possibly, NH uses an almost foveal
fixational locus to achieve maximal visual acuity but at the ex-
pense of elevated S cone contrast thresholds. In contrast, AH may
use a parafoveal locus with lower M and L cone density but higher
S cone density, resulting in a lower visual acuity but higher S-cone
contrast sensitivity compared with NH.

The psychophysical TVI experiments revealed that back-
ground light increases detection thresholds of AH more effec-
tively than those of NH. This difference might result from differ-
ent postreceptoral pathways (Stiles, 1953; Wandell and Pugh,
1980a,b; Miyahara et al., 1996) used by AH and NH for threshold
detection at higher background intensities. The malfunction of
cone photoreceptors might enhance interindividual variability in
the contribution of the different pathways to target sensitivity.
Such interindividual variability is also likely to be present in nor-
mal trichromatic observers (Sharpe and Volbrecht, 1990).
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