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Subunit contributions to phosphorylation-dependent
modulation of bovine rod cyclic nucleotide-gated channels
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Cyclic nucleotide-gated (CNG) channels in rod photoreceptors transduce a decrease in cGMP into
hyperpolarization during the light response. Insulin-like growth factor-1 (IGF-1) increases light
responses by increasing the cGMP sensitivity of CNG channels, an event mediated by a protein
tyrosine phosphatase. Native rod CNG channels are heteromultimers, composed of three CNGA1
subunits and one CNGBI1 subunit. Previous studies on heterologously expressed rod CNG channels
show that a specific tyrosine in the CNGA1 subunit (Y498) is required for modulation by protein
tyrosine phosphatases, protein tyrosine kinases and IGF-1. Here we show that the CNGB1 subunit
contains a specific tyrosine (Y1097) that is important for modulation of heteromeric channels by
tyrosine phosphorylation. Direct biochemical measurements demonstrate *’P-labelling of
CNGAly; and CNGBly,(;. Replacement of either Y498 of CNGA1 or Y1097 of CNGB1 with
phenylalanine reduces modulation, and removal of both tyrosines eliminates modulation. Unlike
CNGA1, CNGBI does not exhibit activity dependence of modulation by tyrosine phosphorylation.
Hence both CNGA1 and CNGB1 subunits contribute to phosphorylation-dependent modulation
of rod CNG channels, but the phosphorylation states of the two subunits are regulated in different

=
&
S
(7%
i
A
s
=
-
~
3
~

ways.

(Received 14 May 2003; accepted after revision 22 July 2003; first published online 23 July 2003)
Corresponding author R. H. Kramer: 121 LSA, Department of Molecular and Cell Biology, University of California, Berkeley,

CA 94720, USA. Email: rhkramer@uclink4.berkeley.edu

Cyclic nucleotide-gated (CNG) channels are fundamental
for phototransduction in vertebrate rods and cones. Light
initiates a G-protein-coupled cascade, decreasing the
concentration of cGMP, leading to the closure of CNG
channels. However, CNG channels are not invariant
reporters of cGMP; rather, their sensitivity can be
modulated by intracellular and extracellular signals
(Kramer & Molokanova, 2001), which are potentially
important for light or dark adaptation. Intracellular Ca**
decreases the cGMP sensitivity of the rod CNG channel
(Hsu & Molday, 1993; Chen et al. 1994; Gordon et al. 1995)
via calmodulin and other Ca’*-binding proteins that
bind to the channel. Phosphorylation, either on
serine/threonine (Gordon et al. 1992) or on tyrosine
(Molokanova et al. 1997, 1999) residues, also regulates
cGMP sensitivity.

Rod CNG channels are heterotetramers, composed of two
homologous subunits: CNGA1 (Kaupp et al. 1989), also
known as the a-subunit, and CNGB1 (Koerschen et al.
1995), also known as the £-subunit (Bradley et al. 2001).
CNGAL1 subunits by themselves can form functional
homomeric channels in various exogenous expression
systems. However, CNGB1 can only form functional
channels when co-expressed with CNGA1, or related
olfactory CNG channel subunits (Finn et al. 1998). The

expressed heteromeric (CNGA1/CNGB1) channel exhibits
properties nearly identical to those of native channels,
including single channel properties (conductance, gating
behaviour), increased Ca** permeability, higher voltage
dependence, sensitivity to ¢cGMP and cAMP, and
sensitivity to block by L-cis-diltiazem. Moreover, the
presence of the CNGBI1 subunit is necessary for certain
forms of modulation. For example, CNGBI1, but not
CNGAI, contains Ca*'—calmodulin binding sites, and
therefore heteromeric, but not homomeric, channels
exhibit Ca**~calmodulin regulation. Recent studies show
that heteromeric CNG channels, both naturally occurring
in rods and exogenously expressed in oocytes, are
composed of three CNGA1 subunits and one CNGBI1
subunit (Zhong et al. 2002; Weitz et al. 2002; Zheng et al.
2002); hence the single CNGB1 subunit accounts for all the
special properties of heteromeric channels.

We have recently shown (Savchenko et al. 2001) that the
sensitivity of rod CNG channels to cGMP is rapidly (< 30 s
increased 2- to 3-fold by insulin-like growth factor-1
(IGF-1). In the intact eye, IGF-1 is released as a paracrine
factor from the retinal pigment epithelium (Waldbillig et
al. 1991), adjacent to rod outer segments. Application of
IGF-1 on the isolated retina leads to an increase in the
magnitude and speeding of rod light responses
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(Savchenko et al. 2001). Previous studies on homomeric
CNGA1 channels have revealed that the molecular
mechanism of IGF-1 modulation involves changes in
tyrosine dephosphorylation catalysed by protein tyrosine
kinases (PTKs) and phosphatases (PTPs), and have
implicated a specific residue in the CNGA1 subunit (Y498)
as the primary phosphorylation site involved in
modulation (Molokanova et al. 1999). Replacement of the
tyrosine with a phenylalanine at this position nearly
eliminates modulation (Molokanova et al. 1999) and
renders IGF-1 incapable of altering the cGMP sensitivity of
homomeric channels (Savchenko et al. 2001).

Here we examine the role of CNGBI in the modulation of
heteromeric rod CNG channels. We find that the CNGB1
subunit also contains a tyrosine involved in modulation
and that the CNGBI1 subunit is even more important for
IGF-1 modulation than is CNGAI. Finally, we present
biochemical evidence directly demonstrating that both
CNGAly,s and CNGBly, gy are the primary phosphoryl-
ation sites on the rod CNG channel.

METHODS

Electrophysiology

To generate homomeric channels, a cDNA clone encoding the
CNGAT1 subunit of the bovine rod photoreceptor CNG channel
(Kaupp et al. 1989) was used for in vitro transcription, and the
mRNA was then injected into Xenopus oocytes (50 nl per oocyte at
1 ngnl™"). Xenopus oocytes were collected from anaesthetized
frogs (1 mg ml™' 2-amino benzoic acid), which were killed
humanely after the final collection. The use and care of the
animals in these experiments were approved by the UC Berkeley
Animal Care and Use Committee. After 2—7 days, the vitelline
membrane was removed from injected oocytes, and the oocytes
were then placed in a chamber for patch clamp recording at
21-24 °C. Glass patch pipettes (2—-3 MQ) were filled with standard
patch solution, containing (mm): 115 NaCl, 1 EDTA, 5 EGTA and
10 Hepes (pH 7.5), which also served as the standard bath solution
and ¢cGMP perfusion solution. After a gigaohm seal had been
formed, inside-out patches were excised and the patch pipette was
quickly (< 30 s) placed in the outlet of a 1 mm diameter tube for
application of cGMP and other agents. We used a perfusion
manifold containing eight different solutions and capable of
solution changes within 50 ms.

Different concentrations of cGMP (50, 100, 250 and 2000 xM)
were briefly (5 s each) applied on excised patches 1- 1.5 min after
patch excision. The resulting CNG currents were recorded with an
Axopatch 200A patch clamp amplifier (Axon Instruments, Union
City, CA, USA), digitized, stored and later analysed. The
membrane potential was held at =75 mV. Current responses were
normalized to the maximal CNG current (I,,), elicited by
saturating (2000 #M) cGMP. Normalized dose-response curves
were fitted to the Hill equation: I/ I ., = 1/(1 + (K};,/A)"™), where A
is the cGMP concentration and n is the Hill coefficient, by using a
non-linear least-squares fitting routine (Origin, Microcal
Software, Northampton, MA, USA). Variability among measure-
ments was expressed as mean * S.E.M. Data sets were compared by
using one-way ANOVA tests. The statistical significance reflects
P <0.05 unless otherwise stated.
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To generate bovine rod photoreceptor heteromeric channels,
mRNAs encoding CNGA1 (Kaupp et al. 1989) and CNGBI1
(Koerschen et al. 1995) were co-injected into oocytes in a 1:10
ratio. The presence of heteromeric channels in excised patches was
confirmed by application of saturating (2 mm) ¢cGMP in
conjunction with 10 uM L-cis-diltiazem, which selectively blocks
channels containing CNGB1 subunits but is ineffective at
blocking homomeric CNGA1 channels (Chen er al. 1993).
Injection of CNGA1 and CNGBI mRNA in a 1:8 (n=6) or 1:10
(n = 14) ratio produced channels that were inhibited by 78 and
80 %, respectively, by 10 uM L-cis-diltiazem. In contrast, a 1:4 ratio
generated channels inhibited by 60 %, suggesting thata CNGAL1 to
CNGB1 mRNA ratio of 1:10 is sufficient to saturate the CNGB1
subunit contribution to heteromeric channels, consistent with
previous results (Shammat & Gordon, 1999).

For expression of hybrid CNGA2/CNGBI1 channels, mRNAs
encoding the CNGA2 subunit of the rat olfactory CNG channel
(Dhallan et al. 1990) and CNGBI (Koerschen et al. 1995) were co-
injected into oocytes. The presence of CNGBI in hybrid channels
was confirmed by applying 10 um L-cis-diltiazem (Finn et al.
1998). This inhibitor blocked channels resulting from CNGA2 to
CNGB1 mRNA injection ratios of 1:1.5 and 1:3 by 36.8 £ 2.9%
(n=3) and 32.8+1.4% (n=6), respectively. These results
suggest thata CNGA2 to CNGB1 injection ratio of 1:3 is sufficient
to saturate the contribution of CNGBI to hybrid channels.

Mutagenesis and construction of chimeric channels

cDNA for the CNGA1 subunit (Kaupp et al. 1989) and the full-
length ¢cDNA for the CNGB1 subunit (Korschen et al. 1995)
were used as templates to generate mutant subunits with a
phenylalanine in place of a tyrosine in position 498 of the CNGAL1
subunit (CNGA ly,g) and in position 1097 of the CNGB1 subunit
(CNGBly,p97¢) using primer-mismatch PCR and Pfu DNA
polymerase (Stratagene, La Jolla, CA, USA). To minimize the
amount of PCR product in the final construct that would have to
be sequenced, a small cassette containing the mutation was cut
from the PCR product and inserted into the wild-type construct
using existing restriction sites. All PCR-derived portions of the
final constructs were confirmed by sequencing using Sequenase
2.0 (Sequenase 2.0 kits were from Amersham Life Sciences,
Cleveland, OH, USA). The engineered mutant subunits were then
sequenced on both strands to ensure polymerase fidelity and
subcloned into the pGEM-HE vector (Liman ef al. 1992) for use in
the Xenopus expression system. mRNA was synthesized in vitro
using a standard reverse transcription kit (mMessage mMachine,
Ambion, Austin, TX, USA).

Biochemistry

CNGA1 and CNGBI1 subunits were tagged with 6 x His (His,) to
allow for purification with Ni** beads. His, tags were introduced
at the COOH terminus of the CNGAIL and CNGBI subunits
using standard molecular biology techniques. DNA constructs
encoding the tagged subunits were subcloned into pGEM-HE for
in vitro synthesis of mRNA. Thirty to thirty-two oocytes were
injected with 50 ng of mRNA encoding CNGA1l or a
CNGAI1/CNGB1 mixture (1:10 ratio) to produce either
homomeric or heteromeric channels. **P-Orthophosphate (at
0.2 mCi ml™) was added to the oocyte incubation solution 24 h
before harvesting. Before homogenization, the oocytes were
pretreated with 500 uM pervanadate or 50 uM lavendustin A for
1 h. Oocytes were homogenized in 10 mM Tris pH 8.0, 100 mm
NaCl, 1 mM f-mercaptoethanol, 10 mm sodium fluoride and
1 mMm orthovanadate containing protease inhibitor cocktail
(Sigma, St Louis, MO, USA). Homogenates were centrifuged at
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700 g for 5 min to remove yolk granules and the supernatant was
collected and subjected to ultracentrifugation at 100000 g for
40 min. The pellet, containing the plasma membrane fraction,
was solubilized in 400 gl of 8 M urea with 0.5 % Triton X-100 and
0.05% SDS buffered with Tris-HCl, pH 8.0 (solubilization
buffer). His,-tagged proteins were then purified using Ni**-NTA
agarose beads (Qiagen, Valencia, CA, USA). Beads, prewashed in
solubilization buffer, were added to the samples and the mixture
was left for 2 h with constant rotation. Beads were then washed
extensively to remove unbound material, and proteins were eluted
with 200 mM imidazole in solubilization buffer. The unbound and
eluate fractions were analysed using SDS-PAGE with subsequent
transfer onto nitrocellulose and probing with anti-His, antibodies
(His-probe H-15, Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA) and autoradiography. To insure sufficiently high
expression of CNG channels for biochemical experiments, groups
of oocytes from individual frogs were selected on the basis of the
magnitude of the cGMP-elicited current observed in excised
patches. Groups of oocytes were used if patches exhibited
> 500 pA current in response to saturating (2000 um) cGMP with
adriving force of 75 mV.

RESULTS

Contribution of CNGB1 subunits to modulation of
expressed CNG channels

To assess the role of the CNGBI1 subunit in channel
modulation, we first compared the behaviour of
homomeric (CNGA1) and heteromeric (CNGA1/CNGB1)
channels expressed in oocytes. Homomeric (CNGA1)
channels exhibit a spontaneous increase in cGMP
sensitivity after patch excision and a decrease in cGMP
sensitivity after ATP application (Molokanova et al. 1997).
The increase in sensitivity after excision results from
dephosphorylation catalysed by spontaneously active
PTPs in the excised patch. Likewise, the decrease in

Figure 1. Modulation of A
heteromeric wild-type rod CNG

channels (CNGA1/CNGB1)

resembles modulation of 50 100 250 2000
homomeric CNGA1 channels

t=1min

A, comparison of cGMP-elicited
currents in homomeric and
heteromeric channels at 1 and 10 min
after patch excision. B, changes in the
cGMP sensitivity in CNGA1 and
CNGA1/CNGBI channels after patch
excision and ATP application. C,

CNGALI
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sensitivity elicited by ATP results from phosphorylation
catalysed by PTKs in the patch. Figure 1A shows that
heteromeric channels (CNGA1/CNGB1) exhibited changes
in cGMP sensitivity that were similar in magnitude and
time course to those observed in homomeric (CNGA1)
channels. By 10 min after patch excision, the apparent
affinity for cGMP (K,) reached steady state, decreasing
from its initial value (1 min after patch excision) by
48.2+2.4% (n=47) in homomeric and 42.7 +3.9%
(n = 12) in heteromeric channels (Fig. 1B).

It is possible that only the CNGA1 subunits are regulated
by phosphorylation and are responsible for all of the
modulation, with the CNGB1 subunits being neutral or
uninvolved. To test whether CNGB1 subunits play an
active role in supporting modulation, CNGB1 subunits
were co-expressed with olfactory CNGA2 subunits.
Homomeric expression of the CNGA2 subunit results in
functional channels that exhibit no modulation by
tyrosine phosphorylation, because these subunits lack a
tyrosine at the position equivalent to Y498 in CNGA1
(F477 in CNGA?2). Figure 2A shows that CNGA2/CNGBI1
channels did indeed exhibit modulation, both after patch
excision and as a result of ATP application. In fact, the
modulation due to these processes in CNGA2/CNGB1
channels was at least half as large as that observed in
homomeric or heteromeric rod channels (compare Fig. 2B
with Fig. 1B). Hence, incorporation of CNGBI is able to
bestow ‘modulability’ on channels where it would
otherwise be lacking.

To further confirm the active role of CNGBI1 subunits in
channel modulation, wild-type CNGBI1 subunits were co-
expressed with mutant rod CNGA1 subunits that are

CNGA1/CNGBI

t =10 min t=1 min t =10 min

50 100 250 2000

-

50 100 250 2000 50 100 250 2000

200 pA

500 pA

5 sec 5 sec

summary of changes in K, elicited by B C
phosphorylation/dephosphorylation 8

in CNGA1 and CNGA1/CNGB1 L{o :; ot I"
channels. In this and other figures, a £

changes in K, during dephosphoryl- L B T $- . & | CNGAI/CNGBI "‘

ation were quantified by normalizing o : 55-§- 7 O"Npgg £
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ation were estimated by normalizing “ 0 | | E CNGAL/CNGBI |—<
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application of 500 uM ATP to the K, 0.0 A = T T r r T :
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missing their crucial tyrosine phosphorylation site
(CNGAlyyse). The resulting channels did indeed exhibit
changes in channel sensitivity after patch excision and
ATP application that were much larger than the changes
observed in homomeric CNGA 1y, channels (Fig. 3A).
The decrease in K}, after patch excision was 31.6 + 4.5%
(n=12) and recovery after ATP application was
2541+ 6.4% (n=10) (Fig. 3B). Hence, even when the
CNGAI1 subunits are mutated to prevent them from
participating in modulation, the CNGBI1 subunits
continue to allow modulation to occur.

Does the modulation conferred by the CNGB1 subunit
really result from changes in tyrosine phosphorylation,
like the modulation mediated by the CNGA1 subunit? To

A 1.24 §§
RPN NG o
°§%§ééééé SLIIY 4.
o 084 ’.§”
M
B 0.6
N
=
g
S 044
Z
Ll | |
A CNGA2
¢ CNGA2/CNGBI
00 L} L) L) T L} L} L} L) L} 1
0 2 4 6 8 10 12 14 16 18 20
Time (min)
B =}
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=
g* — CNGA2
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2
S — CNGA2/CNGBI1
&
=
=1
2
= L
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<
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=
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- T v T v T T T T T T 1
0 10 20 30 40 50 60
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Figure 2. The CNGB1 subunit of rod CNG channels
introduces modulability when co-expressed with the
olfactory CNGA2 subunit, which alone does not exhibit
modulation

A, changes in the cGMP sensitivity after patch excision and
following ATP application, for homomeric CNGA2and hybrid
CNGA2/CNGBI channels. B, changes in the channel sensitivity as
aresult of phosphorylation and dephosphorylation.
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address this question, we used inhibitors of PTKs and
PTPs. To maintain channels in their phosphorylated state,
immediately after patch excision CNGAly,s:/CNGB1
channels were exposed to 100 yum vanadate, a PTP
inhibitor. The increase in the cGMP sensitivity usually
observed after patch excision was almost completely
abolished under these conditions (n =10) (Fig. 4A),
suggesting that this does indeed result from tyrosine
dephosphorylation. To determine whether PTKs also
regulate the cGMP sensitivity of these channels, excised
patches were continuously exposed either to 500 gm ATP
alone (n = 10), presumably maintaining the channels in a
phosphorylated state, or to ATP plus 25 uM erbstatin, a
PTK inhibitor (n = 8) (Fig. 4B). As expected, the cGMP
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Figure 3. The CNGB1 subunit contributes to modulation
of heteromeric rod CNG channels

A, changes in cGMP sensitivity after patch excision and following
ATP application for CNGA ly,gsrand CNGA 1y,5:/ CNGB1
channels. B, changes in the channel sensitivity as a result of
phosphorylation and dephosphorylation.
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sensitivity exhibited a gradual increase in the presence of
erbstatin, because under these conditions PTPs can
effectively dephosphorylate the channels while the
opposing phosphorylation reaction is blocked. Hence,
modulation mediated solely by the CNGB1 subunits
appears to involve PTPs and PTKs, like modulation
mediated by CNGAL1 subunits.

Identification of the crucial tyrosine
phosphorylation site in the CNGB1 subunit

Amino acid sequence homology indicates that the CNGB1
subunit has a tyrosine at position 1097, the amino acid
position equivalent to Y498F in the CNGA1 subunit. To
test whether this tyrosine is important for modulation,
site-directed mutagenesis was utilized to replace this
tyrosine with phenylalanine (CNGB1y,g;r). The mutant
CNGB1 subunit was then co-expressed with the

A
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Time (min)

Figure 4. The CNGB1 subunit-mediated changes in cGMP
sensitivity are due to modulation by tyrosine
phosphorylation/dephosphorylation

A, changes in the cGMP sensitivity after excision of membrane
patches containing CNGA 1y,45¢/ CNGB1 channels in the presence
of a PTP inhibitor, vanadate (100 gM). B, changes in the cGMP
sensitivity after excision of membrane patches containing

CNGA ly495e/CNGBI channels in the presence of erbstatin (25 uMm),
aPTK inhibitor, and/or 500 gM ATP.

Role of the CNGB1 subunit in modulation of rod CNG channels 349

corresponding mutant CNGA1 subunit (CNGAly,gp).
The resulting double mutant channels (CNGAly,gq:/
CNGBl1y,g97r) exhibited a small change in cGMP sensitivity
following patch excision and no change after ATP
application (Fig. 5A), but these effects were indis-
tinguishable from those exhibited by homomeric
CNGA lyy9gr channels. The change in sensitivity attributed
to dephosphorylation was 10.6 + 2.8% (n =10) for the
double mutant heteromeric channel and 12.1 £2.6%
(n = 14) for the homomeric channel, and neither channel
was significantly affected by ATP application (P < 0.05)
(Fig. 5B). Hence, replacement of a single amino acid
(Y1097) in the CNGB1 subunit eliminates its contribution
to modulation, identifying Y1097 as a crucial site for
regulating dynamic changes in channel sensitivity.
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Figure 5. Identification of Y1097 as a site crucial for
modulation by phosphorylation on the CNGB1 subunit
A, changes in the cGMP sensitivity after patch excision and
following ATP application for CNGA 1y,egzand

CNGA Ly,5r/ CNGB y,97r channels. B, changes in the channel
sensitivity as a result of phosphorylation and dephosphorylation.
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Biochemical demonstration of CNG channel
phosphorylation

Studies utilizing inhibitors of PTPs and PTKs, as well
as site-directed mutagenesis to localize putative
phosphorylation sites, provide strong evidence that both
the CNGA1 and CNGBI subunits of the rod CNG channel
are regulated by tyrosine phosphorylation. However, until
now, there has been no direct biochemical evidence for
tyrosine phosphorylation, or indeed for any type of
phosphorylation, of the rod channel. To detect phosphoryl-
ation of the channel, Xenopus oocytes expressing
homomeric or heteromeric CNG channels were incubated
for 24 h in a solution containing **P-orthophosphate.
Channel subunits were Hiss tagged, allowing for
purification of channel subunits with Ni**-NTA agarose
beads. Western blots, using anti-Hiss antibodies, confirmed
the expression of individual channel subunits, and auto-
radioagraphy was used to detect phosphorylation (Fig. 6).

*P labelling of the CNGA1 subunit was increased by
incubation of oocytes with 500 M pervanadate for 1 h, to

+LavA

>
¥

+PV
PV

A WT WT Y>F Control

CNGBI
— 75
—_— g4
CNGALI
B

Y+F Control

WT  WT
CNGALI H”"‘

Figure 6. Biochemical demonstration of tyrosine
phosphorylation of CNGA1 and CNGB1 subunits

A, Western blot analysis (anti-Hiss) of wild-type (WT; CNGAL and
CNGB1) and mutant (Y—F; CNGA 1y,9sr and CNGB1y;ge7r)
channel subunits. Before homogenization, oocytes expressing
heteromeric CNG channels and non-injected oocytes (Control)
were pretreated with pervanadate (PV), a PTP inhibitor, or
lavendustin A (LavA), a PTK inhibitor. Molecular mass markers
(inkDa) are shown on the right. B, autoradiograms of wild-type
(CNGA1 and CNGB1) and mutant (CNGA 1yesrand CNGB1y;0075)
subunits.
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inhibit tyrosine dephosphorylation by PTPs, whereas
incubation with lavendustin A, to block PTK activity,
reduced labelling (n =10). The mutant CNGAly,g
subunit exhibited no detectable labelling even with
pervanadate incubation (#n =3), consistent with Y498
being the major phosphorylation site. To examine
phosphorylation of CNGB1 subunits, Hiss-tagged CNGB1
subunits were co-expressed with CNGA1 subunits to form
heteromeric channels. CNGB1 subunits purified from the
heteromeric channels did indeed display **P labelling
that was enhanced in pervanadate and blocked by
lavendustin A (n =3). Moreover, CNGB1y4; subunits
did not exhibit labelling (#n = 3). Hence Y498 in CNGA1
and Y1097 in CNGBI1 are two major phosphorylation sites
in the rod CNG channel.

Modulation by IGF-1

IGF-1 increases the amplitude of the rod light response by
modulating the sensitivity of CNG channels to cGMP
(Savchenko et al. 2001). Xenopus oocytes possess their own
native IGF-1 receptors (Scavo et al. 1991; Zhu et al. 1998)
and previous studies show that pretreatment of oocytes
expressing homomeric CNGAI1 channels leads to an
increase in their cGMP sensitivity, measured immediately
after patch excision (Savchenko et al. 2001). Figure 7A
shows thatincubation for 1 hwith 1 uMIGF-1 resulted ina
significant decrease (31.2 £ 3.2 %, n = 10) in the initial K},
for cGMP in wild-type CNGA1 channels (P < 0.05), but
had no effect on mutant CNGA 1y, channels, which are
missing the crucial phosphorylation site. To determine the
role of the CNGBI1 subunit in IGF-1 modulation, we used
oocytes expressing wild-type or mutant heteromeric
channels with different numbers of putative phosphoryl-
ation sites. For wild-type heteromeric CNGA1/CNGB1
channels, which contain four phosphorylation sites, the
K, for cGMP activation was 117.4 + 4.3 uMm (n =22) in
control oocytes and 89.1 £3.3 uM (n=28) in oocytes
treated with IGF-1, a moderate increase in sensitivity
(26.2 + 3.7 %, n = 8). However, IGF-1 had a much larger
effect on heteromeric CNGA1ly,:/CNGB1 channels
(61.1 +4.2%, n=29), which have only one phosphoryl-
ation site, on the CNGBI1 subunit. Without IGF-1, the
initial K, value for cGMP activation of these channels was
121.3 £ 5.5 uM (n = 24), but with IGF-1 pre-treatment the
value decreased to 48.4 +2.5 uM (n = 9). In contrast,
IGF-1 pre-treatment had no significant effect when neither
CNGA1 nor CNGBI subunits had phosphorylation sites
(CNGA1y4955/CNGB1y,ge7¢). These results show that the
phosphorylation site on the CNGB1 subunit is important
not only for modulation mediated by constitutively active
PTPs and PTKs in oocytes but also for modulation
triggered by the IGF-1 signalling cascade.

We were intrigued by the fact that the magnitude of the
effect of IGF-1 in CNGAly.s:/CNGB1 channels was
higher than in wild-type CNGA1/CNGBI1 channels. We
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found that IGF-1 did not completely dephosphorylate
wild-type CNGA1/CNGB1 channels. The sensitivity of
CNGA1/CNGBI channels increased further by about 15 %
after patch excision and removal of IGF-1, due to the
action of constitutively active PTPs (Fig. 7B). In contrast,
the sensitivity of CNGAy,s//CNGB1 channels did not
change with time after patch excision, consistent with the
idea that they were already fully dephosphorylated in
response to IGF-1 (Fig. 7C).

Why does the effectiveness of IGF-1 in triggering
dephosphorylation differ between the two channels?
Previous work on homomeric CNGA1 channels showed
that the rate of dephosphorylation by PTPs is dependent
on the activation state of the channel, with channel
opening favouring a faster dephosphorylation rate, and
channel closing favouring a faster phosphorylation rate
(Molokanova et al. 1999). In normal saline, CNG channels
in intact oocytes have a low open probability (authors’
unpublished observations; also see Tibbs et al. 1997), so
dephosphorylation triggered by pre-treating oocytes with
IGF-1 should occur very slowly, and may be incomplete. If
the activity dependence for CNGB1 subunits was different

A
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from that for CNGA1 subunits, the rate and extent of
dephosphorylation in response to IGF-1 might also be
different, possibly accounting for the difference in
behaviour of CNGA1/CNGBI1 versus CNGA 1y,05:/ CNGB1
channels.

To test this hypothesis, we compared the activity
dependence of dephosphorylation of homomeric CNGA1
channels, in which all the phosphorylation sites are on the
CNGA1 subunit, and heteromeric CNGA 1y,05:/ CNGB1
channels, in which the only phosphorylation site is on the
CNGBI1 subunit. Each type of channel was either kept
open by applying saturating (2000 M) cGMP or kept
closed during a 10 min treatment period by using a
solution devoid of ¢cGMP. After a 10 min treatment
period, the cGMP sensitivity of the channels in each group
was compared to that obtained immediately after excising
the patch (Fig. 8A). Homomeric CNGA1 channels
behaved as described previously, with modulation
resulting from dephosphorylation being greatest (2-fold
increase in sensitivity) in open channels and least (about
10 % increase) in closed channels.
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To test whether the CNGBI1 subunit exhibits activity
dependence, we examined mutant heteromeric channels
containing wild-type CNGB1 subunits and CNGA1
subunits that are missing their phosphorylation
site (CNGAly,s:/CNGB1). Remarkably, the activity
dependence of dephosphorylation of these channels,
which contain phosphorylation sites only on CNGBI1
subunits, was opposite to that seen with homomeric
channels, which contain phosphorylation sites only on
CNGA1 subunits. CNGAlys:/CNGB1 channels only
exhibited spontaneous modulation reflecting tyrosine
dephosphorylation in the absence of c¢cGMP, when
channels are closed.

In contrast to dephosphorylation, the activity dependence
of phosphorylation of CNGA1y,es:/CNGB1 channels was
similar to that observed in homomeric CNGA1 channels
(Fig. 8B). Application of ATP on either type of channel in
the closed state resulted in an increase in the K, for cGMP.
However, in both types of channel, keeping the channels
open during ATP treatment, by applying saturating
cGMP, eliminated changes in channel sensitivity. Hence,
in both CNGA1l and CNGBI subunits the PTK is
apparently unable to catalyse spontaneous phosphoryl-
ation of subunits in their open state.

How can the difference in activity dependence of
dephosphorylation of CNGA1 and CNGBI1 subunits

A
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0.9 4 I
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account for differences in IGF-1 modulation? For IGF-1 to
be effective during pretreatment of intact oocytes,
dephosphorylation must be possible from the closed state
of the channel. Thus, CNGA1l subunits, which are
dephosphorylated less efficiently when kept closed, are not
affected by IGF-1 to the full extent, whereas CNGBI1
subunits should be dephosphorylated efficiently from the
closed state.

DISCUSSION

Native rod CNG channels contain CNGA1 and CNGB1
subunits with a 3:1 stoichiometry (Zhong et al. 2002; Weitz
et al. 2002; Zheng et al. 2002). The basic architecture of
CNGA1 and CNGBI1 subunits is similar, but there are
structural differences that have important functional
implications. CNGB1, but not CNGAL, possesses a large,
572 amino acid cytoplasmic NH, terminal glutamic acid-
rich protein (GARP) region that may be important for
channel localization (Chen et al. 1994). CNGBI contains a
Ca’*—calmodulin-binding site not present on the CNGA1
subunit (Grunwald et al. 1998). The CNGBI1 subunit
uniquely contains a region near the first membrane-
spanning segment that regulates surface expression of
heteromeric CNGA1/CNGBI1 channels (Trudeau &
Zagotta, 2002). The CNGBI1 subunit cannot form
functional homomeric channels but can contribute to
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heteromeric channels formed in conjunction with
CNGAI1. Heteromeric CNGA1/CNGBI1 channels differ
from homomeric CNGAI channels in having a smaller
single channel conductance, more ‘flickery’ single channel
gating (Chen et al. 1993; Biel et al. 1996), increased
sensitivity to activation by cAMP (Gordon et al. 1996;
Pages et al. 2000) and higher sensitivity to block by L-cis-
diltiazem. Moreover, heteromeric CNGA1l/CNGB1
channels are inhibited by Ca**~calmodulin binding,
whereas homomeric CNGA1 channels are unaffected.

CNGA1 and CNGBI subunits also have different protein
partners in rod outer segments. Our previous studies with
genistein, a PTK inhibitor, suggest that CNGA1 subunits,
but not CNGBI subunits, are ‘intimately’ associated with
PTKs (Molokanova et al. 2000). Biochemical studies show
that the CNGA1 subunit but not the CNGB1 subunit in
native rod CNG channels binds to the Na*-Ca**-K*
exchanger (Bauer & Drechsler, 1992; Schwarzer et al. 2000;
Poetsch et al. 2001). The GARP region of the
CNGBI subunit organizes a protein complex including
phosphodiesterase and guanylate cyclase, presumably
controlling local cGMP turnover (Korschen et al. 1999).
GARP also interacts with peripherin-2 in the rim region of
outer segment disc membranes, interconnecting the
plasma and disc membranes (Poetsch et al. 2001).

Our previous studies clearly implicated CNGA1 in the
modulation by tyrosine phosphorylation of rod CNG
channels (Molokanova et al. 1997, 1999). However, since
the native channels are heteromeric, it is important to ask
whether CNGB1 also plays a role. Modulation persists
when CNGBI1 subunits are co-expressed with other
subunits incapable of modulation by tyrosine
phosphorylation (CNGA2 or CNGA 1y,e;), indicating that
that the CNGBI1 subunit must indeed contribute to the
modulation. More specifically, a single tyrosine in the
CNGBI subunit (Y1097), in the position homologous to
Y498 of the CNGA1 subunit, is crucial for modulation of
heteromeric channels.

Despite extensive study by several laboratories, direct
biochemical demonstration of CNG channel phosphoryl-
ation has been lacking. Rod outer segments contain high
levels of protein kinases often implicated in ion channel
modulation, including cAMP-dependent protein kinase
and protein kinase C (Yarfitz & Hurley, 1994), but there
has been only negative evidence for these particular
enzymes being involved in modulating the activity of the
rod CNG channel (Xiong et al. 1997; Jindrova & Detwiler,
1998). The evidence for modulation has relied exclusively
on functional alterations in channel activity in response
to the addition of more general protein kinase or
phosphatase inhibitors (Gordon et al. 1992; Molokanova
et al. 1997), or to exogenous application of protein
phosphatases (Gordon et al. 1992; Savchenko et al. 2001).
Here we provide direct biochemical evidence that both the
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CNGA1 and CNGBI subunits, at least when they are
expressed in oocytes, can be phosphorylated and that the
same amino acids crucial for modulation are the primary
phosphorylation sites. Preliminary results suggest that the
CNGAL subunit of native rod CNG channels can also be
phosphorylated (D. Satpaev & R. H. Kramer, unpublished
results). Previous difficulties in biochemically demon-
strating phosphorylation of the rod CNG channel may
have resulted from a high basal activity of PTPs and the
small number of sites on each channel subunit (apparently
only one).

The crucial tyrosine phosphorylation sites in CNGA1 and
CNGBI are conserved in many other channels containing
cyclic nucleotide-binding sites, including CNGA3 from
cones and all four of the known hyperpolarization-
activated, cyclic nucleotide-gated (HCN) channels (for
review see Richards & Gordon, 2000; Chen et al. 2002).
All of the other cyclic nucleotide-binding channels
(e.g. CNGA2 and CNGB2) contain a phenylalanine
instead of a tyrosine at this position. The invariant
presence of these very similar residues in every channel
subunit suggests that this part of the sequence is crucial for
channel function and that an aromatic amino acid must be
present. Moreover, the presence of a tyrosine may be a
useful indicator that a given subunit has the capacity to be
modulated by extrinsic factors that signal through tyrosine
kinase or phosphatase cascades, such as IGF-1. Hence,
perhaps olfactory receptor neurons, thalamic pacemaker
neurons and cardiac myocytes, all of which contain
channels with the conserved tyrosine, can be acutely
modulated by growth factors in a manner similar to that
observed in rod photoreceptors.

The phosphorylation site of both the CNGA1 and CNGB1
subunits lies on the S6-side of the conserved cyclic
nucleotide-binding domain. The structure of the cyclic
nucleotide-binding site has been inferred from the crystal
structure of the bacterial cAMP-binding protein catabolite
gene-activating protein (Weber & Steitz, 1987). In this
protein, the tyrosine equivalent to CNGAly,s and
CNGBly,; is located in the first segment of the
eight-stranded f-roll structure, with the side group
predicted to face away from the cyclic nucleotide contact
binding pocket. While this position is not ideal for directly
influencing cyclic nucleotide binding, it may be pivotal for
regulating the coupling between ligand occupancy and
movement of the channel gate, which is thought to involve
the S6 segment. It is easy to imagine how phosphorylation
of amino acids in protein regions that couple ligand
binding to channel gating would influence the apparent
affinity for cyclic nucleotides.

IGF-1 modulates the magnitude and kinetics of the rod
light response, at least in part by triggering tyrosine
dephosphorylation of the rod CNG channel (Savchenko et
al. 2001). The effect of IGF-1 on native CNG channels in
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rods can be blocked by adding a PTP inhibitor and
mimicked and occluded by applying exogenous PTPs.
Application of IGF-1 on Xenopus oocytes expressing
homomeric CNGA1 channels results in an increase in
cGMP sensitivity, but if the crucial tyrosine is missing
(CNGA1lyys), IGF-1 has no effect. We have now shown
that CNGB1 subunits also participate in IGF-1
modulation, with a homologous tyrosine (Y1097) being
crucial for IGF-1 action. Surprisingly, IGF-1 has a greater
effect on cGMP sensitivity for CNGAly,:/CNGBI1
channels than for homomeric CNGA1 channels, even
though the latter channels should have twice as many
tyrosine phosphorylation sites. In search of an
explanation, we discovered an interesting difference in the
activity-dependent behaviour of CNGA1 and CNGBI1
subunits.

The modulation of rod CNG channels by PTPs and PTKs
in Xenopus oocytes is strongly dependent on the activation
state of the channel. Homomeric CNGA1 channels
preferentially interact with PTPs and become
dephosphorylated when they are opened by cGMP, and
preferentially interact with PTKs and become
phosphorylated when they are closed in the absence of
c¢GMP. The activity dependence of phosphorylation and
dephosphorylation of CNGB1 subunits cannot be
examined in isolation from CNGA1 because CNGB1 by
itself is not capable of forming functional channels.
However, the activity dependence of the CNGB1 subunit
can be assessed using mutant channels (CNGAly,og:/
CNGBI1), in which the one remaining tyrosine
phosphorylation site is on the CNGB1 subunit. In these
channels, both PTKs and PTPs are effective when cGMP is
present and both are ineffective when cGMP is absent.
Thus phosphorylation and dephosphorylation are affected
in parallel by channel activation and the CNGB1 subunit
has no preference for the PTK or PTP in either the open or
closed states. The net result is that modulation of the
CNGBI1 subunit does not exhibit activity dependence. We
propose that the reason that IGF-1 fails to fully modulate
homomeric CNGA1 channels is that the channels are
closed during IGF-1 pre-treatment of intact oocytes, thus
the CNGAL1 subunits are in an unfavourable state for
IGF-1-triggered dephosphorylation. In contrast, IGF-1
completely modulates the CNGA1yy:/CNGBI channels,
because the CNGB1 subunits do not have an unfavourable
state for tyrosine dephosphorylation.

Even though there is only one CNGBI subunit per native
rod CNG channel, the lack of activity dependence of
CNGBI1 dephosphorylation potentially allows the channels
to respond to IGF-1, independent of the activation state of
the channel. In this scenario, exposure to IGF-1 will
initiate tyrosine dephosphorylation of CNGBI1, which
increases the channel sensitivity to cGMP, leading to an
increase in the probability of channel opening and, as a

] Physiol 552.2

result, further dephosphorylation of the CNGA1 subunit
and an increase in cGMP sensitivity. Removal of IGF-1
should reverse the process, turning off the PTP and
allowing the CNGBI subunit to become phosphorylated
by PTKs. This should decrease the cGMP sensitivity of the
channel, reducing the open probability and allowing for
more complete phosphorylation of CNGA1 subunits. A
test of this hypothesis awaits further physiological and
biochemical experiments on native rod CNG channels.

Many questions remain about the assembly and
mechanism of activation of heteromeric CNG channels,
the influence of each of the subunits on heteromeric
channel gating and ligand sensitivity, and the impact of
proteins (e.g. PTKs and PTPs) that interact with either
subunit on channel behaviour. It now seems clear that
the rod CNG channel is an asymmetric channel composed
of three CNGA1 subunits and one CNGBI subunit
(Zhong et al. 2002; Weitz et al. 2002; Zheng et al. 2002).
However, three-dimensional cryo-electron microscopic
reconstruction of CNG channels from bovine rods
suggests a bilateral symmetry (Higgins et al. 2002),
consistent with a ‘dimer of dimers’ model of gating (Liu et
al. 1998). This implies that CNGA1 subunits can form a
homophilic partnership with another CNGA1 subunit or a
heterophilic partnership with a CNGB1 subunit. How do
these different partnerships participate in gating? Is
dephosphorylation of CNGA1l independent of or
interdependent on the dephosphorylation of CNGBI1
subunits? Does the dephosphorylation of the two subunits
exhibit cooperativity as in the case of cGMP-dependent
activation? Are CNGA1 and CNGBI1 subunits modulated
by phosphorylation or dephosphorylation in a consecutive
or alternating manner? These are all interesting questions
that await further study.

Numerous extracellular and intracellular signalling
cascades converge on ion channels to fine tune their
activity. Along with tyrosine phosphorylation, rod CNG
channels are subject to modulation by serine/threonine
phosphorylation, transition metals, phospholipid
metabolites and Ca?*'—calmodulin (reviewed in Kramer &
Molokanova, 2001). It would be interesting to explore
whether these forms of modulation are independent from
each other or share a common molecular mechanism that
could result in the interaction of several distinct
modulation mechanisms at the level of CNG channels.
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