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Abstract

The y subunit of rod-specific cGMP phosphodiesterase 6 (PDE6y), an effector of the G-protein
GNAT]1, is a key regulator of phototransduction. The results of several in vitro biochemical
reconstitution experiments conducted to examine the effects of phosphorylation of PDE6y on its
ability to regulate the PDES6 catalytic core have been inconsistent, showing that phosphorylation of
PDE6y may increase or decrease the ability of PDE6y to deactivate phototransduction. To resolve
role of phosphorylation of PDE®6y in living photoreceptors, we generated transgenic mice in which
either one or both Threonine (T) sites in PDE6y (T22 and T35), which are candidates for putative
regulatory phosphorylation, were substituted with alanine (A). Phosphorylation of these sites was
examined as a function of light exposure. We found that phosphorylation of T22 increases with light
exposure in intact mouse rods while constitutive phosphorylation of T35 is unaffected by light in
intact mouse rods and cones. Phosphorylation of the cone isoform of PDE6y, PDEEH, is
constitutively phosphorylated at the T20 residue. Light-induced T22 phosphorylation was lost in
T35A transgenic rods, and T35 phosphorylation was extinguished in T22A transgenic rods. The
interdependency of phosphorylation of T22 and T35 suggests that light-induced, post-translational
modification of PDEG6y is essential for the regulation of G-protein signaling.

Introduction

Phosphodiesterase 6 (PDE6) enzyme complex consists of catalytic PDE6a and PDEG as well
as regulatory PDEGy subunits. In dark-adapted retinas, PDE6y binds to PDE6af and inhibits
its activity. Upon light exposure, GTP-bound G-protein transducine. (GNAT1) binds to and
inhibits PDEG6y, thereby activating PDE6. During photoresponse recovery, GNAT1 is
deactivated by hydrolysis of GTP to GDP, permitting PDEG6y to rapidly re-inhibit PDE6aj
[1;2;3;4;5]. Eventually, the guanylate cyclase-activating proteins GCAP1 and GCAP2
stimulate guanylate cyclases to form more cGMP, thus counteracting the reduction in cGMP
caused by PDES.
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In salamander, calcium (Ca2*) has been shown to be necessary and sufficient for light-
adaptation at low intensities [6]. The function of Ca2* sensitive GCAPs on the guanylate
cyclase feedback loop is thought to be the most predominant mechanism of adaptation in
amphibians. In mice homozygous null for Geapl and Geap2 (Geap-/-), the response adaptation
waveforms are abnormal [7;8]. However, loss of GCAP activity in mice is not sufficient to
abolish adaptation. Although abnormal, Gcap-/- mice response waveforms continue to show
accelerated decay in background light [7;8]. The Weber decline in sensitivity is greater in
Gcap-/- than in wild-type mice, but not as much as would be expected if adaptation were
completely disrupted. This result indicates that there are additional mechanisms of light
adaptation in mice that modulate PDE activity [8;9].

Acceleration of the response decay from background light accounts for the reduced flash
sensitivity of rods during light adaptation. We have recently described a novel mechanism for
the reduction in the sensitivity of light adapted mammalian rods that reflects an acceleration
of the rate of PDEG shutoff in the presence of background light [10]. This finding was
unexpected because background light does not affect the rate-limiting time constant (vp) for
response decay in salamander rods [11;12] and it has been assumed that mammalian rods
behave similarly to salamander rods.

In mammalian rods, GCAP stimulation of cyclase activity accounts for only one half of the
extended operating range of light exposed rod cells [7;13]. The remainder of the response range
can be mediated by Ca?*-dependent phosphorylation of PDEGy [7;13]. There are two steps in
the phototransduction cascade where PDE6y can influence light adaptation: regulation of
GNAT1 and deactivation of PDE6. Although inhibition of PDE6 by PDE6y primarily involves
regulation of the duration of cGMP catalytic activity, several studies have demonstrated that
the function of PDEG6y itself may be influenced by phosphorylations. These pathways include
phosphorylation of PDE6y at two sites, threonine 22 (T22) [14;15;16;17;18] and threonine 35
(T35) [18;19;20]. T22 is a consensus site for proline-directed kinases such as cyclin-dependent
kinase 5 (CDK5) or MAP kinase, and T35 is a consensus site for serine/threonine kinases such
as Protein Kinase A or C. Incubation of frog retinal extracts with the CDK inhibitors
olomoucined and roscovitine have been shown to block light-dependent phosphorylation of
PDES in vitro[15;17;19;21]. Since the portion of the PDE6y sequence containing these two
sites is known to be important for association of PDE6y with GNAT1 [22;23;24] and PDE6af
[24,25;26], phosphorylation of one of these threonines might be expected to alter PDE6
activation or half-life of GNAT1 GTPase.

Several investigators have examined the effects of PDEGy phosphorylation on the activity of
PDES, but the results of these reports are controversial. Phosphorylation of PDEGy can increase
[19] or decrease the ability of PDEGy to inhibit purified bovine PDE6 or GNAT1-activated
PDES® [18], respectively. T35 phosphorylation increased inhibition to PDE6af [27].

To address these controversies, we generated mice expressing mutant PDEGy proteins with
either T22 or T35 or both replaced with alanine. Alanine substitution eliminates
phosphorylation but is likely to be sufficiently conservative to have little effect by itself on the
already flexible structure of the PDE6y molecule. These transgenic mice retain normal levels
of other phototransduction proteins [10;28] such that changes in the physiological and
biochemical characteristics of the photoreceptors reflect direct consequences from the lack of
phosphorylation. Phosphorylation of these sites was examined as a function of light exposure.
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Materials and Methods

Mouse Lines

Results

The mice studied in these experiments were used in accordance with the ARV O statement for
the Use of Animals in Ophthalmic and Vision Research. Six-week old MF1 wild-type (WT)
and transgenic mice were dark-adapted overnight and sacrificed under infrared conditions.

T22A or T35A point mutation was introduced using a standard site-specific mutagenesis
strategy [1;28;29;30].

Materials—Recombinant bovine PDE6Gy was a generous gift of Professor Akio Yamazaki.
Retinas from overnight dark-adapted mice were placed in a watch glass in Ringer's Buffer
(PMSF, phosphatase inhibitor cocktails I+11, Sigma-Aldrich, St. Louis) exposed to flashes,
snap frozen in liquid nitrogen, homogenized, and analyzed by immunoblotting.

Phosphorylated PDEG6 was detected with phospho-specific antibodies generated in rabbits with
PDES6 phospho-peptides {IGGPV(pT)PRKGPPKC} and {KGPPKFKQRQ(pT)
RQFKSKPPK} to produce anti-pT22 and anti-pT35 by Abgent Inc., San Diego (dilution
1:1000). PDE6H phospho-peptide {TTGDAPTGPTpTPR} was used to produce polyclonal
rabbit anti-pT20 (Abgent Inc., San Diego).

The consistent loading of total PDE6 was verified with rabbit anti-PDE6 antibody (dilution
1:5000, Affinity BioReagents).

The antibodies were tested with phosphorylated and non-phosphorylated peptides and
phosphorylated and non-phosphorylated recombinant PDE6. Quantitative measurements of
the immunocomplexes were done with an Alphalmager with Alphalmager Software for
Windows (Alphalnnotech, San Leandro, CA). Their linearity range was determined (30 - 90
ng total protein), and the equations and regression coefficients (r2) are given as follows (y =
IDV, integrated density values):

Rabbit anti-pT22: y = 3.09 * 106 x (ng) — 8.79 * 106 r2 = 0.9103
Rabbit anti-pT35: y = 4.32 * 106 x (ng) — 4.62 * 10 r2 = 0.9558
Rabbit anti-PDE6 : y = 2.14 * 10° x (ng) + 8.92 * 107 r2 = 0.9754

To accurately measure pT22, pT35, and total PDEGy in retinal lysates, three two-fold dilutions
of each lysate were loaded per gel. After densitometry, the densities of the signals from each
dilution were compared to determine which sample was in the linear range.

The specificity of antibodies to detect T22 and T35 phosphorylation

The pT22, pT35 and pT20 antibodies only recognized the phosphorylated cognate PDEGy. The
pT22 antibody only recognized MAP kinase-treated recombinant PDE6y which was
phosphorylated at T22 (top row, Fig. 1A and B), while the pT35 antibody only recognized
PKA kinase-treated recombinant PDE6y which was phosphorylated at T35 (second row, Fig.
1A and1B).

The immunoreactivities of pT22 and pT35 were specific, as they did not produce a signal when
used to analyze T22A (Fig. 1A) and T35A (Fig. 1B) mutant retinal extracts, respectively (Fig.
1). Light-induced T22 phosphorylation was neither detected in light (L) nor dark (D) adapted
T22A reitnas (Fig. 1A), but T22 phosphorylation was readily seen in light adapted wildtype
(WT) controls (Fig. 1C). Similarly, basal constitutive T35 phosphorylation was not detected
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in light (L) or dark (D) adapted T35A retinas (Fig. 1B) but was readily seen in both light (L)
and dark (D) adapted mouse and chicken retinal lysates (Fig. 3).

Light induced T22 phosphorylation in intact mouse retinas

Immunoblot analyses of wild-type retinal extracts showed that PDE6y was phosphorylated at
the pT22 site in a light-dependent manner (Fig. 1C and 2), while T35 phosphorylation was not
light-dependent (Fig. 3). T22 phosphorylation was 1.5-fold higher in light-adapted as compared
to dark-adapted retinas (Fig. 1). Basal T35 phosphorylation levels in dark-adapted retinas were
about 7.5% to 38% of total PDE6. T22 phosphorylation levels were 8.89% of the total PDE6
(Table 1).

T22 phosphorylation is affected by status of T35 phosphorylation, and vice versa

To explore possible regulatory interactions between the phosphorylation of T22 and T35, the
status of T22 and T35 phosphorylation in T35A and T22A mutants, respectively, was examined
(Fig. 1). Immunoblots of T35A retinal lysates probed with pT22 antibody failed to detect T22
phosphorylation under dark or light adaptation conditions. Similarly, basal T35
phosphorylation was attenuated in T22A mutants (Fig. 1A). Retinal lysates prepared from mice
carrying the double mutations (T22A- T35A) were barely phosphorylated (Fig. 1D).

The mechanisms that control T22 and T35 phosphorylation and the function of these residues
exhibit reciprocal characteristics. T22 phosphorylation was enhanced after light adaptation,
while T22A and T35A mutations induced opposing effects on PDES6 inactivation kinetics.

Light-dependent phosphorylation of T22 residue in PDE6y

T22 phosphorylation occurred within 60 seconds of illumination at 8.63x10-2 W/cm? (Fig.
2A). In Fig. 2B, T22 phosphorylation was not detected until a single flash increased to 2.3x
10" W/cm?2. Hence, a threshold of light intensity was needed to induce T22 phosphorylation,
which remained stable under constant illumination. The level of phosphorylated T22 from
dark-adapted retinas stayed relatively stable within 5 min of light adaptation and did not
increase significantly with light exposure (Fig. 2).

Immunoblot signals were measured using a densitometer (Personal Densitometer Sl 375,
Molecular Dynamics). To determine the linear range of the assay, a standard curve analysis
was performed of recombinant pT22, and unphosphorylated PDEGy protein. There was a linear
relationship between signal density and amount of protein, generally between 5 ng and 80 ng
of recombinant protein (not shown).

The amount of phosphorylated T22 PDEGy in light and dark-adapted wild-type retinas was
quantified (Fig. 1C). Using densitometry, T22P and total PDEGy signals from a scanned film
were measured, and the amounts of protein for each sample were calculated. After
normalization for total PDE6Gy content, there was a non-significant change in T35P level (0.9-
fold) but a more significant increase in T22P level (1.5-fold) in light-adapted lysates.

PDEG6H is constitutively phosphorylated in cone-enriched retinal extracts

T20 and T35 are phosphorylation sites in cone PDE6H. Neither basal T20 nor T35
phosphorylation was altered by changes in light intensity on chicken retinas (Fig. 3). The cone-
specific pT20 PDE6H antibody did not react to rod-dominant mouse retinal extract (Fig. 3).
T35 was constitutively phosphorylated and was light-independent in both cone (chicken) and
rod (mouse) enriched retinas (Fig. 3).

The amount of phosphorylated T35 PDEGy in light and dark-adapted wild-type retinas was
quantified (Fig. 3). Using densitometry, T35P and total PDEG6y signals from a scanned film
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were measured, and the amounts of protein for each sample were calculated. After
normalization for total PDEGy content, there was only a minor increase in T35P level (1.1-
fold) in light-adapted lysates.

Discussion

Previous conflicting reports suggest that phosphorylation of T22 can increase [14;15;17;21]
or have minimal effect [27] on PDE6y inhibition of activated PDE6a, while T35
phosphorylation increases binding to PDE6af [19].

The physiological changes observed in the retinas of T35A mice (sensitivity decrease,
amplitude decrease, and sooner initiation of current recovery) are all characteristics of light-
adapted rods and are explainable if dephosphorylated PDEGy has a significant rate of
spontaneous dissociation from PDEG6af in the dark [10;28]. Such a phosphate transfer could
regulate GNAT 1-g7p-PDES signals without affecting GTP hydrolysis [31]. Specifically,
phosphorylation of PDE6y would induce its release from GNAT1-gtp Whereupon it would
bind to and inhibit active PDE6 a [15;17;21]. If PDEG6y is phosphorylated before it re-inhibits
PDES, a pool of PDE6y with phosphorylated PDES is created, the size of which may depend
on the intensity of the illumination.

The apparent inconsistencies in previous studies could, in part, be due to the differences
between mammalian and amphibians and/or various in vitro PDEGy phosphorylation
incubation times: 33 °C for 30 min [15] verses room temperature for 5 hours in the presence
of GTPyS without an ATP-regenerating system [27]. More importantly, there are limitations
of in vitro studies which may be not be sufficiently sensitive to model the rather subtle effects
of PDEGy phosphorylation on the physiology of rod responses. In vitro biochemical
experiments assess steady state levels of phosphorylation; whereas suction recording of rods
sample dynamic effects of phosphorylation in vivo time scale. In frogs, ~4% of the total
PDES®y is phosphorylated within 10 seconds when. 03% of the rhodopsin is illuminated [21].
This percentage is significant because the compartmentalization and close proximity of PDE
signaling components is likely to enhance protein-protein interactions affected by PDEGy
phosphorylation in the disc membranes.

Light-induced T22 phosphorylation is lost in T35A transgenic rods; T35 phosphorylation is
extinguished in T35A transgenic rods. T22 phosphorylation occurred within 60 seconds of
illumination at 8.63x102 W/cm? (Fig. 2A). These results indicate an association between T22
and T35 phosphorylation and PDE6 inactivation, which suggests a mechanism for the
physiological phenotype of the phosphorylation mutants [10;28]. Our data are consistent with
the idea that T22 is phosphorylated during photoactivation; this phosphorylation would have
the effect of improving PDEG binding affinity to GNAT1. Phosphorylated T22 may represent
a low PDES® affinity state where PDEG6 can be activated readily. Continuous noise due to
PDE®6af activity should be significant in this situation, as PDE6y could more easily attach and
detach from PDEG6af, resulting in the attachment different PDE6y from the non-PDEGaf3-
bound PDEG6y pool. This phenomenon would account for the majority of dark noise [32;33].

There are two light-dependent phosphoproteins with molecular weights similar to PDEGy that
have been reported [34] in intact frog rod outer segments. “Component 11”, a 12-kDa phospho-
protein, would represent mono-phosphorylated PDE6y, whereas “Component I”, a 13-kDa
phosphoprotein, would correspond to PDE6y with phosphates on both T22 and T35. Under
saturating illumination, the remaining phosphorylated “component | and 11", which accounts
for 35% of the total PDEGy, could correspond to light-induced phosphorylation at T22. The
characteristics of the two frog phosphoproteins match our model for light-dependent
phosphorylation of PDEG6y.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 December 25.
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Removal of T22 phosphorylation site accelerates the photoresponse whereas removal of the
T35 phosphorylation site slows the response [10;28]. Transgenic rods with
nonphosphorylatable T35A saturate prematurely in bright illumination. Astonishingly, light-
induced acceleration of the dominant time constant of response recovery is blocked in mice
expressing T35A, suggesting that PDEGy plays an essential role during light adaptation in
mammalian rods [10;28]. Such behavior was unexpected because modulation of the limiting
time constant by background light had not been reported to occur in amphibian rods [11;12].
PDEG6y phosphorylation regulates responses of normal rod, and that the opposite effects of the
two phosphorylation sites may play a role in increasing the dynamic response range of these
cells.

Light adaptation desensitizes photoreceptors by increasing the amount of light needed to
generate a photoresponse. This process is particularly prominent in cones but is also exhibited
by rods. Cone-specific PDE6H has two threonine residues, T20 and T35, within known
consensus reading frames for kinase recognition. Light induced increase of T20 and T35
phosphorylation cannot be detected (Fig. 3). Neither T20 nor T35 phosphorylation in PDE6H
is therefore likely to contribute to light adaptation in cones (Fig. 3).

Control of PDE6&y phosphorylation/dephosphorylation is dependent on PDES activity, the
canonical phototransduction and adaptation pathways. Results from Fig.s 1 and 2 established
the light dependency of phosphorylation of PDEG6y at T22. Light-induced phosphorylation of
PDE6y may provide a resolution to the dilemma of why light adaptation is not completely
eliminated in rods lacking both GCAP1 and GCAP2[7;13].
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Fig. 1.
Both anti-pT22 and anti-pT35 antibodies recognized specific residues in phosphorylated
PDE®y.

Immunoblot of mutant transgenic retinal extracts probed with rabbit anti-phosphoT22 antibody
recognizing the phosphorylated T22 residue of PDEG6y or rabbit anti-phosphoT35 antibody
recognizing the phosphorylated T35 residue of PDE6.

MAPK, mitogen-activated protein kinase phosphorylated PDE6y marked the expected
molecular weight of pT22- PDE6y at 11 kDa (top row, Fig 1A, B and D).

PKA, protein kinase A phosphorylated PDE6y marked the expected molecular weight of pT35-
PDEB6y (second row, Fig 1A, B and D).

Panel A: T22A transgenic retinal extract. T35 phosphorylation was lost in T22A transgenic
rods.

Panel B: T35A transgenic retinal extract. Light induced T22 phosphorylation is lost in T35A
transgenic rods.

Panel C: Control wild-type MF1 retinal extract. Light induced T22 phosphorylation was seen.
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Panel D: T22A-T35A transgenic retinal extract. Both light-induced T22 and basal T35
phosphorylation was significantly diminished.

Presence of PDEGy in each sample was confirmed by stripping and re-staining the filter with
rabbit anti-native PDE6y antibody. Reprobing with anti-PDEG6y antibody demonstrated
expression of PDEGy protein in these lysates.

D, overnight dark-adapted retinal extracts; L, light-adapted; 60S, 60 seconds of light exposure
to a dark-adapted retina; 120S, 120 seconds of light exposure to a dark-adapted retina;
30minL, 30 minutes of light exposure to a dark-adapted retina; 180 minL, 180 minutes of light
exposure to a dark-adapted retina. MAPK, mitogen-activated protein kinase phosphorylated
PDEG; PKA, protein kinase A phosphorylated PDE6. Both pT22 and pT35 antibodies only
recognized the phosphorylated cognate peptides and anti-pT22 only recognized MAP kinase-
treated (phosphorylates T22), while anti-pT35 only recognized PKA kinase-treated
(phosphorylates T35) recombinant PDEGy.
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Fig. 2.

Linearity between T22 PDEGy phosphorylation and Light Intensities.

Panel A: T22 phosphorylation occurs within one minute of illumination. Retinas were removed
and placed in a Petri dish with 5 pl of Ringer buffer to prevent drying-out. The Petri dish was
placed under a light source and the dark-adapted retinas were exposed to different irradiances:
2.48x 1072, 4.93x1072, 8.63x102, 2.33x101, 4.73x101 (W/cm?) for 15S 308, 60S, 150S and
5 minutes (5minL), respectively.

Panel B: the dark-adapted retinas were exposed to a single flash of increasing intensities: 5.3x
105, 1.9x 104, 8.8x 1074, 2.4x 1073, 1.4x 10, and 2.3x 10-1 W/cm2. T22 phosphorylation was
not detected until the flash increased to 2.3x 10-1 W/cm2. The irradiance (W/cm?) of the light
source was determined with a light meter (Research Radiometer IL1700, International Light
Inc., MA) containing a sensor fitted with a photopic filter (Y#23654).
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Fig. 3.

PDEG6H phosphorylation in chicken and murine retina.

Immunoblot of normalized dark- and light-adapted chicken and murine retinal extracts probed
with rabbit anti-phosphoT20 {TTGDAPTGPT(pT)PR} antibody recognizing the
phosphorylated T20 residue of PDE6H or rabbit anti-pT35 antibody recognizing the
phosphorylated T35 residue of PDE6y. Phosphorylated T20 was not detected in mouse retinal
extract. Presence of PDEGy in each sample was confirmed by stripping and re-staining the filter
with rabbit anti-native PDE6y antibody. D, dark-adapted overnight; L, light-adapted to
1.67x10"1 W/cm? for sixteen hours.
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