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Role of Protein Phosphatase 2A in Regulating the Visual
Signaling in Drosophila

Ning Wang,' Hung-Tat Leung,’ William L. Pak,’ Yonatan T. Carl,' Brian E. Wadzinski,' and Bih-Hwa Shieh'>2
Department of Pharmacology, Center for Molecular Neuroscience, and 2Vision Research Center, Vanderbilt University, Nashville, Tennessee 37232, and
3Department of Biological Sciences, Purdue University, West Lafayette, Indiana 47907

Drosophila visual signaling, a G-protein-coupled phospholipase C8 (PLC[3)-mediated mechanism, is regulated by eye-protein kinase C
(PKC) that promotes light adaptation and fast deactivation, most likely via phosphorylation of inactivation no afterpotential D (INAD)
and TRP (transient receptor potential). To reveal the critical phosphatases that dephosphorylate INAD, we used several biochemical
analyses and identified protein phosphatase 2A (PP2A) as a candidate. Importantly, the catalytic subunit of PP2A, microtubule star
(MTS), is copurified with INAD, and an elevated phosphorylation of INAD by eye-PKC was observed in three mts heterozygotes. To
explore whether PP2A (MTS) regulates dephosphorylation of INAD by counteracting eye-PKC [INAC (inactivation no afterpotential C)]
in vivo, we performed ERG recordings. We discovered that inaC"*”” was semidominant, because inaC"”’’ heterozygotes displayed abnor-
mal light adaptation and slow deactivation. Interestingly, the deactivation defect of inaC"™*”” heterozygotes was rescued by the mts*****
heterozygous background. In contrast, mts*****® failed to modify the severe deactivation of norpA”’S, indicating that MTS does not
modulate NORPA (no receptor potential A) (PLC[3). Together, our results strongly indicate that dephosphorylation of INAD is catalyzed
by PP2A, and areduction of PP2A can compensate for a partial loss of function in eye-PKC, restoring the fast deactivation kinetics in vivo.

We thus propose that the fast deactivation of the visual response is modulated in part by the phosphorylation of INAD.
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Introduction

Drosophila visual transduction is a G-protein-coupled signaling
processes leading to the depolarization of photoreceptors by the
opening the transient receptor potential (TRP) and TRP-like cat-
ion channels (Pak and Leung, 2003; Wang and Montell, 2007). In
short, light activates rhodopsins that couple to Gq (Lee et al.,
1990; Scott et al., 1995) resulting in activation of a phospholipase
CB (PLCPB), no receptor potential A (NORPA) (Bloomquist et
al., 1988), which generates inositol trisphosphate and diacylglyc-
erol (DAG). DAG may activate the TRP channel (Hardie, 2004)
and is also a potent activator of protein kinase C (PKC). In Dro-
sophila photoreceptors, DAG-activated eye-PKC is crucial for
modulating deactivation, inactivation, and light adaptation of
the visual signaling (Ranganathan et al., 1991; Hardie et al., 1993;
Gu et al,, 2005). At the molecular level, eye-PKC is tethered to a
macromolecular complex by interacting with inactivation no af-
terpotential D (INAD), which is a scaffolding protein that orga-
nizes the formation of the protein complex by colocalizing
NORPA, TRP, and eye-PKC (Huber et al., 1996b; Tsunoda et al.,
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1997; Adamski et al., 1998; Li and Montell, 2000). Eye-PKC has
been shown to phosphorylate INAD and TRP (Huber et al,
1996a, 1998; Liu et al., 2000; Popescu et al., 2006). Recently, we
demonstrated that eye-PKC phosphorylates TRP at Ser *** in vivo,
and aloss of phosphorylation in TRP leads to slow deactivation of
the visual response (Popescu et al., 2006). To terminate the effect
of eye-PKC, protein phosphatases are required for orchestrating
a timely dephosphorylation, and ensure returning of INAD and
TRP to their prephosphorylated states for subsequent regulation
by eye-PKC.

Reversible phosphorylation plays an important role in mod-
ulating an array of cellular processes. Many protein kinases have
been identified and their regulation characterized. However, less
is known regarding the identity of critical protein phosphatases.
Unlike protein kinases, protein phosphatases are more limited in
number and thus are likely to have broad substrate specificity.
Protein phosphatases that dephosphorylate phospho-serine/
threonine residues are subdivided into four major classes, protein
phosphatase 1 (PP1), protein phosphatase 2A (PP2A), protein
phosphatase 2B, and protein phosphatase 2C, based on their sen-
sitivity to inhibitors and requirement for divalent cations (Bar-
ford, 1996). Protein phosphatase 2B and protein phosphatase 2C
exhibit a strict requirement for Ca** and Mg>™, respectively,
whereas PP1 and PP2A do not. Moreover, both PP1 and PP2A are
sensitive to okadaic acid and microcystin with different sensitiv-
ity (Barford, 1996). PP2A constitutes the majority of serine/thre-
onine phosphatase activity in the cell. The predominant form of
PP2A is a heterotrimeric complex consisting of catalytic (C),
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structural (A), and variable (B) subunits (Lechward et al., 2001).
The C subunit of PP2A interacts constitutively with the A sub-
unit, which acts as a scaffolding protein for binding the C subunit
and variable B subunit. The B subunit plays a role in targeting
PP2A holoenzymes to specific subcellular compartments and
therefore is critical for regulating substrate specificity (Lechward
et al., 2001).

Here, we present evidences that support a critical role of PP2A
in Drosophila visual transduction by regulating the dephosphor-
ylation of INAD. We used biochemical analyses including protein
purification and inhibitor studies, and demonstrated that PP2A
catalyzed the dephosphorylation of INAD. The C subunit of
PP2A corresponds to the microtubule star (mts) gene product in
Drosophila (Snaith et al., 1996). By electroretinogram (ERG) re-
cording, we discover that mt: £2258 is a recessive mutation,
whereas inactivation no afterpotential C (inaC"”) is haploinsuf-
ficient, because inaC™” heterozygotes display abnormal light
adaptation and slow deactivation kinetics. Interestingly, only the
deactivation defect of the inaC™% heterozygotes was rescued in
the mts**#?*% heterozygous background. However, mts*****® het-
erozygotes failed to restore the abnormal deactivation of nor-
pA”'®, indicating that the function of NORPA is not regulated by
MTS to modulate deactivation kinetics. Based on the findings, we
conclude that MTS regulates multiple substrates in the visual
cascade including INAD. A reduction of MTS can compensate for
a partial loss of function in eye-PKC, leading to the rescue of the
slow deactivation of the visual signaling in inaC"?% heterozy-
gotes. We hypothesize that phosphorylation of INAD plays an
important role in visual transduction, mediating fast deactivation
kinetics.

Materials and Methods

In vitro phosphatase assays. To monitor dephosphorylation of INAD,
phosphorylated INAD ', which was prepared by in vitro kinase reac-
tions using a recombinant PKCa (Calbiochem, La Jolla, CA), was incu-
bated with fly extracts, eluates from various chromatographic steps or
purified enzymes for 30 min at 30°C to monitor dephosphorylation. The
reactions were terminated on the addition of trichloroacetic acid and
analyzed by SDS-PAGE. The amount of phosphorylated INAD was de-
tected by liquid scintillation counting or autoradiography. The A/C
dimer of human PP2A and the rabbit PP1c (skeletal muscle) were pur-
chased from Upstate Biotechnology (Lake Placid, NY).

Preparation of fly head extracts, and Western blotting. Fly heads were
extracted with extraction buffer (50 mwm Tris-HCI, pH 8.0, 150 mm NaCl,
1% Triton X-100, and a mixture of protease inhibitors) as detailed pre-
viously (Popescu et al., 2006). For quantitative Western blotting,
fluorophore-conjugated secondary antibodies (Alexa Fluor 680 goat
anti-rabbit IgG; Invitrogen, Carlsbad, CA) were used and the signals were
visualized and quantified by the Odyssey Infrared Imaging system (LI-
COR, Lincoln, NE). Polyclonal antibodies against INAD (Shieh and Ni-
emeyer, 1995), eye-PKC (Adamski et al., 1998), and TRP (Shieh and Zhu,
1996) were obtained as described previously. Monoclonal anti-PP2Aca
and anti-PP1 were obtained from BD Biosciences (San Jose, CA).

Immunoprecipitation and immunocomplex kinase assay. Fly head ex-
tracts (300 g total protein) were incubated with anti-INAD antibodies,
and the INAD immunocomplexes were recovered by protein A agarose
beads (Pierce, Rockford, IL). After three washes with the buffer, the
immunocomplexes were analyzed by SDS-PAGE and Western blotting,
or proceeded with an in vitro kinase reaction by incubating with 50 ul of
kinase reaction buffer (50 mm Tris-HCI, pH 8.0, 10 mm MgCl,, 5 mm
2-mercaptoethanol, 0.1 mm DTT, 0.4 mm EGTA, 0.7 mm CaCl,) contain-
ing 3 uCi of carrier-free [y->*P]ATP (PerkinElmer, Boston, MA) and
phorbol myristate acetate (1 um) at 30°C for 30 min. The kinase reaction
was terminated on the addition of SDS-PAGE sample buffer, analyzed by
SDS-PAGE, followed by PhosphorImager analysis (GE Healthcare Life
Sciences, Piscataway, NJ) or autoradiography.
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Partial purification of INAD phosphatases by FPLC. Drosophila heads
(5-10 g) were homogenized using a solubilization buffer (50 mm Tris-
HCI, pH 7.8, 150 mMm NaCl, 1 mm EDTA, plus a mixture of protease
inhibitors). The supernatant was collected after centrifugation and
brought to 20% ammonium sulfate saturation. The desired phosphatase
activity was found enriched in proteins precipitated between 20 and 40%
saturation, which were collected and fractionated over a Phenyl Sepha-
rose (GE Healthcare Life Sciences) column. Briefly, the precipitated pro-
teins were resuspended in buffer A (50 mm Tris-HCL, pH 7.8, 0.1 mm
EDTA, 10% glycerol, 2 mm MgCl, plus protease inhibitors), and solid
ammonium sulfate was added to a final concentration of 1.0 M. The
mixture was incubated on ice for 30 min and centrifuged. The superna-
tant was loaded onto a Phenyl Sepharose column (30 ml) preequilibrated
with buffer A containing 1 M ammonium sulfate, and proteins was eluted
over a linear gradient of ammonium sulfate (1-0 m). The phosphatase
activity that dephosphorylates INAD was eluted at 0 M ammonium sul-
fate. Fractions containing the desired phosphatase from five successive
runs of Phenyl Sepharose column were pooled and loaded onto Q Sepha-
rose (GE Healthcare Life Sciences) column (12 ml). Proteins were eluted
using a linear gradient of NaCl (0—600 mm). The INAD phosphatase
usually was eluted at 300 mm NaCl. Fractions enriched in the phospha-
tase activity were also analyzed by SDS-PAGE, followed by Western blot-
ting. Alternatively, microcystin agarose (Millipore, Billerica, MA) was
used to enrich for members of the PP1 and PP2A family, which were
subsequently analyzed by mass spectrometry.

Liquid chromatography and tandem mass spectrometry. Proteins bound
to microcystin beads were digested directly off of the beads with trypsin,
and the tryptic peptides were separated by HPLC. The liquid chromatog-
raphy—tandem mass spectrometry (LC-MS/MS) analysis was performed
on a ThermoFinnigan LTQ linear ion trap mass spectrometer equipped
with a ThermoFinnigan Surveyor autosampler and LC pump, NanoS-
pray source (Thermo Electron, San Jose, CA), and Xcalibur 1.4 instru-
ment control and data analysis software. LC/MS was performed by the
Proteomics Laboratory/Mass Spectrometry Research Center at
Vanderbilt.

Database searching and data analysis. The “ScanDenser” algorithm
read tandem mass spectra stored as centroided peak lists from Thermo
RAW files and transcoded them to DTA files. Proteins were identified
using the SEQUEST algorithm via the SEQUEST Browser software in the
Bioworks 3.1 package (Thermo Electron) (Yates etal., 1995) on a desktop
computer. The data were searched against the Drosophilia subset of the
NCBI database.

Fly stocks. Fly stocks were maintained at 25°C in a 12 h dark/light cycle.
The three mts alleles (mts°2#%°, mts<12°9? and mtsXF22%%), rdgC3 % and gla3
flies were obtained from Bloomington Stock Center (Bloomington, IN).
The original mts**??*® stock was crossed with w; CyO/Sco to remove the
P-element containing a dominant Ras transgene.

Recombination between mts**2*® and inaC™%. The white-eyed
mts*F22%8 inaCP?%?/CyO line was generated with a scheme involving five
crosses. First, we obtained virgin females of mts*5?°%/inaC"?%’, which
were crossed with males of w; Sco/CyO and the individual male progeny
with possible recombination of mtsX£??°% and inaC"™?% was collected.
Individual male was mated female w; Sco/CyO to generate a line, and 12
independent lines were established by saving potential mts**2%%5, in-
aC™%/Cy0 for a stock. These 12 potential double mutant lines were
examined for presence of the inaCP?%° and mts*#22°® mutations: the pres-
ence of mts*"??°% was confirmed for the inability of the line to generate
homozygotes as only heterozygous flies (over CyO balancer chromo-
some) can survive to adult. The presence of inaC"?’ was confirmed by a
backcross with inaC™%, in which F, of the following genotype,
mts*E22%8 inaC?%1inaC™%, was selected and analyzed for the absence
of eye-PKC by Western blotting.

ERG recordings. ERGs were performed on 3- to 5-d-old flies as de-
scribed previously (Larrivee et al., 1981). A 300 W halogen lamp (Osram,
Danvers, MA) was used for light stimuli. The unattenuated intensity at
the level of the fly was 810 uW/cm? A 15 W tungsten lamp was used to
provide background light. The unattenuated light intensity of the back-
ground light at the level of the fly was 8 uW/cm?, which is ~2 log units
dimmer than the unattenuated light source used for light stimulus.



1446 - ). Neurosci., February 6, 2008 - 28(6):1444 1451

Kodak neutral filters were used to achieve the desired light intensity for
the light stimulus and the background lights. At each stimulus, the flies
were first dark-adapted for 3 min and then given a white light stimulus (5
or 1s). When background lights were used, the flies were dark adapted
for 3 min, and then background light of a particular intensity was turned
on for 30 s before a 5 s light stimulus was given to the eye. After the light
stimulus, the background light was then turned off. To ensure photocon-
version of metarhodopsin back to rhodopsin, an orange light stimulus
was given after each stimulus. All recordings were made at 25°C. Signals
were sampled at 2 kHz with an analog-to-digital converter (Digidata
1200A), and the data were acquired and analyzed in a computer with
Axoscope (Molecular Devices, Sunnyvale, CA).

Results

Dephosphorylation of INAD is mediated by ubiquitously
expressed protein phosphatases

Previously, we had shown that protein phosphatases in the cyto-
solic extracts of wild-type fly heads could dephosphorylate INAD
(Liu et al., 2000), and the critical protein phosphatases appeared
to be enriched in photoreceptors. Because most of protein phos-
phatases seem to be ubiquitously expressed, we reinvestigated
whether dephosphorylation of INAD is indeed mediated by pro-
tein phosphatases specifically expressed in photoreceptors by ex-
amining extracts prepared from glass flies that lack photorecep-
tors (Moses et al., 1989).

To better detect protein phosphatase activity, we generated a
highly phosphorylated INAD as substrates. Experimentally,
affinity-purified GST fusion proteins containing an INAD frag-
ment spanning residues 1-363 (INAD ') was phosphorylated
by a recombinant PKCe, which appears to display similar sub-
strate specificity as eye-PKC in vitro (Popescu et al., 2006). In-
deed, INAD '*® became intensely phosphorylated by PKCa,
when compared with phosphorylation of fusion proteins con-
taining the remaining INAD sequence (i.e., INAD**~%7%) (L,
Peng and B.-H. Shieh, unpublished observations). For in vitro
dephosphorylation assays, phosphorylated INAD % was incu-
bated with cytosolic extracts from either wild-type or glass flies.
We found that glass extracts dephosphorylated INAD '~ (Fig,
1 A) similar to wild-type extracts, indicating that dephosphoryla-
tion of INAD is not regulated by photoreceptor-specific protein
phosphatases. We also investigated whether retinal degeneration
C (RDGC) was involved in the dephosphorylation of INAD, and
found that rdgC’” extracts also were able to dephosphorylate
INAD ' (Fig. 1 A). This finding indicates that RDGC, a protein
phosphatase of the PP7 family (Steele et al., 1992) involved in the
dephosphorylation of rhodopsin, does not play a role in the de-
phosphorylation of INAD. Together, it appears that dephosphor-
ylation of INAD is regulated by ubiquitously expressed protein
phosphatases. The discrepancy with our previous result may be
partly contributed by a lower sensitivity of our previous dephos-
phorylation studies because the phosphorylation of INAD was
less uniform in the immunocomplex kinase reactions affecting
the sensitivity of the subsequent dephosphorylation assays.

Okadaic acid inhibits dephosphorylation of INAD

Previous work from our laboratory showed that both microcystin
and okadaic acid suppressed the dephosphorylation of INAD and
TRP in fly extracts (Liu et al., 2000). Here, we reinvestigated the
effect of okadaic acid using phosphorylated INAD '>%*, As shown
in Figure 1B, okadaic acid displayed a dose-dependent inhibition
leading to increased levels of phosphorylated INAD. It has been
reported that okadaic acid suppresses purified PP2A with an IC,
of 0.1 nM, whereas it inhibits purified PP1 with an IC;, of 10 nm
(Barford, 1996). We estimated the EC5, of okadaic acid in pre-

Wang et al. ® Role of PP2A in Drosophila Vision

32p-INAD-363 »
75~

INAD-e: 1 S S

extracts -

V"‘l i V-Vnrl

3

TN

wt (OR) glass rdgC

B
32P-|NAD?-363
75™

INAD1-363
5

wt extracts - + + + + +
Okadaic acid (nM) - - 001 01 1 10

Figure 1. Protein phosphatases involved in dephosphorylation of INAD. A, Dephosphoryla-
tion of INAD is regulated by ubiquitously expressed protein phosphatases. A fixed amount of
phosphorylated INAD'~3%% obtained by in vitro PKCa phosphorylation was incubated with
cytosolic extracts from fly heads. The protein phosphatase activity in the extracts (protein con-
centrations, 3 mg/ml) prepared from wild-type, glass ( gla®), and rdgC (rdgC*®) were com-
pared. Top, Autoradiogram; bottom, the Coomassie staining. B, Dephosphorylation of INAD is
inhibited by okadaic acid. The effect of okadaic acid (0.01—10 nm) to suppress the phosphatase
activity in wild-type extracts was investigated. Levels of phosphorylated INAD '~3%* are shown
on the top. The bottom panel shows the amount of INAD '~ by the Coomassie staining.

venting the dephosphorylation of INAD to be ~0.3 nwm, strongly
supporting our hypothesis that a member of the PP2A family is
responsible for the dephosphorylation of INAD.

PP2A is a candidate protein phosphatase for INAD: evidence
from protein purification

To identify the candidate protein phosphatases involved in the
dephosphorylation of INAD, we took a biochemical approach by
isolating the phosphatase activities from the cytosolic extracts
using two consecutive chromatographic steps that were used suc-
cessfully to purify members of the PP1/2A family (Kloeker and
Wadzinski, 1999). Briefly, cytosolic extracts of fly heads were
subjected to ammonium sulfate precipitation (20—40%), and the
protein precipitates were subsequently dissolved and fraction-
ated on a Phenyl Sepharose column by a linear gradient of am-
monium sulfate (1-0 M) (Fig. 2A). Positive fractions (eluted at 0
M ammonium sulfate) were recovered, concentrated, and puri-
fied on a Q Sepharose column over a gradient of NaCl (0—600
mM). The desired phosphatase activities were eluted at ~300 mm
NaCl (Fig. 2B).

All fractions were also analyzed by Western blotting using
commercially available antibodies against the C subunit of PP2A,
PP2Ac. We found that anti-PP2Ac antibodies recognized a pro-
tein of ~35 kDa similar to the estimated molecular mass of Dro-
sophila PP2Ac or MTS in all positive fractions (Fig. 2C). We also
tested for the presence of the C subunit of PP1, PPlc, using sev-
eral commercially available antibodies. However, none of these
antibodies seemed to recognize Drosophila PP1c in either cytoso-
lic extracts or enriched extracts after ammonium sulfate precipi-
tation (data not shown).

To further confirm the copurification of PP2A with the ex-
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Figure2. Partial purification of the phosphatase that dephosphorylates INAD. 4, B, Enrich-

ment of the phosphatase activity by Phenyl Sepharose chromatography after ammonium sul-
fate precipitation (4), and the subsequent purification over Q Sepharose (B). Shown are elution
profiles of total proteins based on absorption at 280 nm (blue), the phosphatase activity that
dephosphorylated INAD (magenta), and the PP2A immunoreactivity (PP2Ac). C, Copurification
of PP2Ac in positive fractions that dephosphorylated INAD. Shown is a Western blot using
anti-PP2Acantibodies. Lane 1, Cytosolic extracts; lane 2, ammonium sulfate precipitation; lane
3, Phenyl Sepharose eluates; lane 4, Q Sepharose eluates; lane 5, microcystin agarose eluates.
The 50 kDa protein standard is indicated on the left.

pected phosphatase activity for INAD, we used a proteomic ap-
proach. Positive fractions eluted from Q Sepharose were enriched
for PP2Ac and PPlc using microcystin agarose beads, which
binds specifically to the C subunit of both PP2A and PP1. Bound
C subunits were washed and subsequently analyzed by mass spec-
trometry. We detected three nonoverlapping peptides (KYG-
NANVWKY, RRGEPHVTRR, and KFSFLQFDPAPRR) corre-
spond to Drosophila PP2Ac in the microcystin pull-down,
indicating that PP2Ac is copurified with the phosphatase activity
that dephosphorylates INAD. Together, these findings strongly
support that PP2A is involved in the dephosphorylation of INAD
in vitro.

Dephosphorylation of INAD by purified PP2Ac in vitro

To further investigate whether INAD is a substrate of PP2A, we
tested the ability of purified PP2A to dephosphorylate INAD in
vitro. We show that purified human A/C dimer of PP2A in which
the C subunit shares 94.5% sequence identities with Drosophila
MTS, displays a dose-dependent activity to dephosphorylate
INAD (Fig. 3). In contrast, purified rabbit PP1c, which displays
>90% sequence identities with the fly homologues, exhibits no
detectable activity toward phosphorylated INAD (Fig. 3). These
results further confirm the critical role of PP2A to catalyze the
dephosphorylation of INAD.
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Figure 3.  Dephosphorylation of INAD by purified human PP2Ac but not by rabbit PP1c.
Phosphorylated INAD '~3%% was incubated with indicated amount (in units) of purified human
A/Cdimer of PP2A and the Csubunit of rabbit PP1 (skeletal muscle) for 30 min and analyzed by
SDS-PAGE. Lane 7 contains phosphorylated INAD'~>%* alone. Phosphorylated INAD was de-
tected by autoradiogram (top), and total INAD "% content was revealed by the Coomassie
staining (bottom). Protein standards are indicated on the left.

MTS associates with the INAD complex and the mts
heterozygotes display increased phosphorylation of INAD by
in vitro kinase assays

If PP2A regulates dephosphorylation of INAD either directly or
indirectly, a reduction of PP2A may lead to an increased phos-
phorylation of INAD by eye-PKC. Therefore, we monitored
phosphorylation of INAD using immunocomplex kinase assays
in three mts heterozygotes, because the corresponding homozy-
gotes cannot be obtained for the analysis because of embryonic
lethality (Wassarman et al., 1996). Experimentally, anti-INAD
antibodies were used to isolate the INAD complex from fly head
extracts, the immunocomplexes were recovered by protein A aga-
rose beads, and phosphorylation of INAD by eye-PKC was mon-
itored on the addition of Ca*™, phorbol ester, and radioactive
ATP. As shown in Figure 4, phosphorylation of INAD was signif-
icantly increased compared with that of TRP in these mits alleles
including mts®%) mtsK12°92 and misF?28 (Fig. 4B). This en-
hanced phosphorylation of INAD could be attributable to either
increased eye-PKC activity and/or decreased dephosphorylation
of INAD in the mts mutants. The latter is more likely because mts
heterozygotes have a reduced level of PP2A (Wassarman et al.,
1996).

The increased phosphorylation of INAD by the immunocom-
plex kinase assays using mts extracts suggests that PP2A is present
in the INAD complex to modulate dephosphorylation of INAD.
To investigate whether PP2A associates with the INAD complex,
we performed coimmunoprecipitation assays using wild-type
head extracts (Fig. 4C). Indeed, we found that anti-INAD anti-
bodies copurified PP2A (MTS), whereas preimmune serum did
not. This finding strongly indicates that PP2A interacts with
INAD, and may represent an integral component of the INAD
complex.

mts*F2?°% is a recessive visual mutation as heterozygotes of

mts F*?°% exhibit wild-type ERG responses

To gain insight into the role of PP2A (MTS) in the visual signal-
ing, we characterized the visual electrophysiology of mts**2%°%
heterozygotes, which display the most enhanced phosphoryla-
tion of INAD among the three alleles we tested. mts*****% also has
been examined in studies related to regulation of eye develop-
ment (Wassarman et al., 1996), circadian rhythm (Sathyanaray-
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Figure 4.  MTSis present in the INAD complex and modulates the level of phosphorylated

INAD. Phosphorylation of INAD by eye-PKC was performed by immunocomplex kinase assays in
which anti-INAD antibodies were used to isolate the INAD complex from extracts prepared from
wild-type (lane 1) and three mts alleles, mts?* (lane 2), mts*'>% (lane 3), and mts"&?*% (|ane
4). Shown is a representative autoradiogram depicting phosphorylation of INAD and TRP (4).
Protein standards areindicated on the left. The relative level of phosphorylation, compared with
that of wild-type extracts, was quantitated and shown in a histogram (B). ¢, MTS is coimmu-
noprecipitated by anti-INAD antibodies in wild-type head extracts. Shown is a Western analysis
of the immunoprecipitation assays using anti-INAD antibodies or preimmune sera (IgG). Anti-
INAD antibodies copurified MTS (bottom), as well as NORPA (top) and INAD.

anan et al., 2004), and calcium/calmodulin-dependent protein
kinase II (CaMKII) (Lu et al., 2003). Molecular characterization
of mts*F2?*% reveals a 16 nt deletion spanning its translation start
site (Wassarman et al., 1996). By Western blotting, the MTS level
in a single fly head of mts**??*® heterozygotes was estimated to be
74% (74 * 5%, SEM; n = 3) of wild-type. Importantly, mts 522
is white-eyed and thus better suited for electrophysiological anal-
ysis because white-eyed is sensitive to a wider range of light stim-
ulus than red-eyed fly.

We performed ERG, an extracellular recording of the com-
pound eye, and discovered that mts**??** heterozygotes (mts/
CyO) exhibited ERG waveform similar to that of wild type (wt or
+/CyO) (Fig. 5A). We also compared the peak amplitude, half
deactivation time (Fig. 5G), and the relative inactivation (Fig.
5H) of the ERG response, but failed to find significant differences
with those of wild type. Moreover, mts***?*® heterozygotes dis-
play no light adaptation defects (Fig. 6 B). These findings indicate
that a partial loss of functions of PP2A does not significantly
modify Drosophila visual electrophysiology in mts*2%°%
heterozygotes.

InaC is haploinsufficient because inaC"”’” heterozygotes
display slow deactivation of the visual signaling

Although mts**#?*% did not display any electrophysiological de-
fects, it is still possible that mts**??** may modify a partial loss of
function of eye-PKC that phosphorylates INAD. Therefore, we
characterized heterozygotes of inaC™. The inaC™* allele is a
null allele of eye-PKC because it contains a nonsense mutation at
Trp® (Smith et al., 1991). inaC™® was originally classified as a
recessive mutation because homozygotes have been shown to
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display multiple defects in light adaptation, inactivation, and de-
activation. Unexpectedly, we found that inaC"™*’° heterozygotes
(inaC/CyO) displayed ERG with slow deactivation kinetics,
whereas inaC"?’ homozygotes exhibited a more severe deactiva-
tion defect (inaC/inaC) (Fig. 5C), when stimulated with a 5 s light
pulse of a bright light. In contrast, only inaC"™** homozygotes
display response inactivation as the receptor potential rapidly
declines during the light pulse. Our results are consistent with the
role of eye-PKC to modulate response inactivation and fast deac-
tivation. Importantly, it appears that the deactivation defect is in
a reciprocal relationship to the gene dosage for eye-PKC in the
inaC™% mutants.

To quantitatively compare the deactivation and inactivation
defects in these flies, we calculated “inactivation” as the percent-
age reduction of the peak amplitude during the light pulse [(1 —
s/p) X 100%; p, initial peak amplitude; s, peak amplitude at the
end of 5 s light pulse] (for a graphic depiction, see Fig. 5D). As a
parameter for the deactivation kinetics, we also measured half
deactivation time as the time to reach 50% recovery after the light
pulse (the elapsed time from y to z) (Fig. 5D). Indeed, our results
show that the half deactivation time of inaC"?% heterozygotes is
twice as long as that of wild type, whereas the half deactivation
time of inaC homozygotes is about three times longer than that of
inaC"™% heterozygotes (Fig. 5G). Additionally, inaC"™** homozy-
gotes, but not the heterozygotes, exhibit a greater degree of re-
sponse inactivation under this stimulation condition (Fig. 5H).
Based on these findings, we conclude that inaC is haploinsuffi-
cient because two copies of the inaC gene are required for a wild-
type deactivation of the visual response.

The deactivation defect of the inaC"*"’ heterozygotes can be
rescued when PP2A is reduced

The slow deactivation that we discovered in the inaC™"’ het-
erozygotes can be caused by a reduced phosphorylation of the
eye-PKC substrates, whereas we have shown that a reduction of
PP2A leads to an increased level of phosphorylated INAD in the
mits heterozygotes (Fig. 4). To explore the relationship between
PP2A (MTS) and eye-PKC in vivo, we investigated whether
mts*F??*® rescues the abnormal deactivation of the inaC™" het-
erozygotes. We generated and characterized mts***°%, inaC""
double heterozygotes (mts, inaC/CyO) by ERG. Surprisingly, we
found that double heterozygotes display an ERG waveform sim-
ilar to that of wild type with normal deactivation kinetics (Fig.
5E), and comparable half deactivation times (Fig. 5G). This result
strongly supports the notion that a reduction of the PP2A activity
rescues the deactivation defect of inaC"?% heterozygotes. Based
on these findings, we conclude that a reduction of PP2A compen-
sates for a partial loss of function in eye-PKC to restore phos-
phorylation of INAD leading to normal deactivation kinetics of
the visual response.

In contrast, we show that mtsX5?%>® fails to rescue the response
inactivation defect of the inaC"* homozygotes (Fig. 5F, H). It is
of great interest to note that, despite showing abnormal response
inactivation, the mts**?*°%, inaC"**’/inaC**"° double mutant dis-
plays almost wild-type deactivation kinetics.

A reduction of PP2A fails to rescue the abnormal light
adaptation of inaC"*"’ heterozygotes and homozygotes

The inaC™” homozygotes were reported to exhibit defective
light adaptation, a feedback mechanism that permits photorecep-
tors to adjust their light sensitivity over a wide range of ambient
illumination. Therefore, in the presence of the background light,
photoreceptors show a reduced response, compared with with-
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to inaC?’ mutants. This result indicates

that mts**%°® fails to correct the adapta-
tion deficits in both inaC™?’ heterozygotes
and homozygotes. Our findings further
support the haploinsufficient nature of the
inaC mutation to bring about light adapta-
tion. We conclude that PP2A does not play
arole to modulate the eye-PKC-dependent
light adaptation process.

A E ts inaC/CyQ
5-5 white light 4 mis ina
>
[S
= wt,
+/Cy0O, and
mts/CyO
F - mts inaC/inaC
B
1 +/ICyO
inaC/inaC
inaC/CyQ wt
! 8
§._ 2]
§s
© iz
1 wt g=
]
inaC/inaC
H
D 3
] :
iZ §
g 2

1/2 deactivation = z-y

Inactivation = (1-s/p) x 100%

=

PP2A does not modify the activity

of NORPA

PP2A only rescues one of the three
inaC™" defects, suggesting that it works
downstream of eye-PKC. To investigate
whether PP2A also plays a role modulating
the upstream events of eye-PKC, we exam-
ined whether MTS affects NORPA, a PLCS3
that catalyzes the breakdown of PIP,
(phosphatidylinositol-4,5-bisphosphate)
to release second messengers, by double
mutant analysis. We chose norpA”’¢, a hy-
pomorphic allele with a partially active
PLCP, which displays ERG with extremely
slow deactivation kinetics (Fig. 6C) (Yoon
etal., 2004). We show that double mutants
(norpA; mts/CyO) exhibit ERG waveform
similar to that of norpA”'®, with the char-
acteristic deactivation kinetics (Fig. 6C).
This finding indicates that a reduction of
the PP2A activity fails to rescue the slow

52258, in a(PZU9

Figure 5.  Electroretinogram analyses of wild-type and mutant flies affecting mt: or double mutants, in re-
sponsetoa 5 s white light (log //, = —1). A, The mts*25® heterozygote displays wild-type ERG response. Shown are superim-
posed ERG tracings of wild type (wt or +/Cy0) and the mts"®2® heterozygote (mts/Cy0). B, The inaC** is semidominant,
because the inaC***® heterozyqote (inaC/Cy0) exhibits slow deactivation. €, The inaC"?*” homozygote displays response inacti-
vation and slow deactivation. D, A diagram highlighting the parameters for defining the half deactivation time and relative
inactivation of the ERG response. The half deactivation time is the elapsed time between y and z. Inactivation is defined as (1 —
s/p) X 100%, where p corresponds to the initial peak amplitude and s corresponds to the amplitude at the end of 5 s pulse. E, The
mts"82%8 heterozyqote rescues the deactivation defects of inaC"™2* heterozygotes. Shown are three superimposed ERG responses
corresponding to mts'®2*%, inaC"?”® double heterozygotes (mts, inaC/Cy0), inaC** heterozygotes, and wild-type flies. F, The
mts"8258 heterozygote fails to rescue the response inactivation but modifies the slow deactivation ofinaC*?*” homozygotes. G, A
comparison of the half deactivation time of various mutants. Shown is a histogram depicting the half deactivation time (mean =
SD; n = 7). H, A comparison of the relative inactivation (mean = SD; n = 7) in wild type and mutants. Abbreviations: mfs,

deactivation of norpA”'®, supporting that
PP2A is not involved in regulating NORPA
in the visual cascade.

Discussion

Here, we present the results from several
distinct biochemical and electrophysiolog-
ical assays, each shedding light on the key
role that PP2A plays in Drosophila visual
transduction. Our in vitro assays show that
PP2A dephosphorylates the scaffolding

mts"E22%8: inaC, inaC™%°.

out background light. We questioned whether inaC*?%’ heterozy-
gotes have adaptation defects, and if so, whether mts**?%°% alters
this abnormal visual electrophysiology. To characterize the light
adaptation, we used an established protocol by measuring the
response to a 5 s test light pulse (log I/I, = — 1), with a continuous
background light of 35 s as depicted in Figure 6 A. For each back-
ground intensity, the response to the test pulse is denoted as an
arrow that corresponds to the peak amplitude. The peak ampli-
tude is normalized to that obtained without background illumi-
nation, and plotted against the background intensity as shown in
Figure 6 B. We demonstrate that both inaC"” homozygotes and
heterozygotes display a similar degree of deficiency in light adap-
tation, as the response curve shifted to the right, and this shift is
very significant in dim background light. This shift indicates that
the inaC™’ mutants exhibit a greater response as they were less
adapted to dim light. Importantly, both inaC™%, mts**>>
double heterozygotes and mts**?%*, inaC™*/inaC"* double
mutants also display comparable light adaptation defects, similar

protein INAD, opposing the activity of
eye-PKC to phosphorylate INAD. We also
show an increased level of INAD phos-
phorylation in three distinct mts heterozy-
gotes, wherein the catalytic C subunit of PP2A has been rendered
ineffective. Utilizing ERG recordings, in partial loss-of-function
mutants of mts**??*%, inaC*?%, and the combined double mu-
tant, we found that PP2A and eye-PKC have opposing physiolog-
ical functions, and that a balance between the activities of eye-
PKC and PP2A is central for the proper deactivation of the visual
response. Our results strongly indicate that PP2A appears to im-
pact signaling proteins operating downstream of NORPA in the
visual cascade. Integrating our in vivo and in vitro findings into
the current model of eye-PKC-mediated regulation of INAD, we
conclude that reversible phosphorylation of INAD is dependent
on the opposing enzymatic actions of eye-PKC and PP2A and
that phosphorylation of INAD is critical for fast deactivation of
the visual signaling process.
The multiple biochemical assays that we conducted strongly
support PP2A as a key phosphatase responsible for the dephos-
phorylation of INAD. Based on both its inhibition profile with
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okadaic acid, and its copurification along- A
side the FPLC fraction with positive phos-
phatase activity, we identified PP2A as the

35-s background light
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prime candidate for mediating INAD de- n

Dark background

phosphorylation. After finding that a puri-
fied A/C dimer of PP2A dephosphorylates
INAD in vitro, we followed up performing

log l/lo = -6
log lflo=-4

immunocomplex kinase assays. As ex-
pected, a reduction in PP2A catalytic effi-
ciency causes a significant increase in the
measurable fraction of phosphorylated
INAD. By examining three distinct mts B
heterozygotes, each carrying a C subunit
mutation resulting in a partial loss of PP2A
function, we demonstrate a significant in-
crease in INAD phosphorylation levels
with mts*#2?® exhibiting the most dra-
matic increase. The enhanced INAD phos-
phorylation observed in the mts extracts
strongly suggests that PP2A is closely posi-
tioned in the INAD complex to promote
timely dephosphorylation of INAD. Con-
sistently, we demonstrate that PP2A can be
coisolated with INAD, thus representing a
newly identified component of the INAD
macromolecular complex.

For insights into the role PP2A plays in
Drosophila vision, we studied mts**%%%%
heterozygotes and found a surprisingly
normal ERG waveform. Although a reduc-
tion in the level of active PP2A in vivo has
no effect on visual function, we found that
inaC"" heterozygotes exhibit abnormal light adaptation, as well
as delayed deactivation of visual signaling. inaC"™** and mts***>>%
both encode for enzymes; why would missing one functional
copy of the PP2A gene not affect normal visual electrophysiology,
whereas missing a functional copy of the eye-PKC gene drasti-
cally slows deactivation? inaC"?’’ must be a semidominant mu-
tation; in other words, inaC is haploinsufficient. An explanation
for the haploinsufficiency of the eye-PKC gene is that the sub-
strate repertoire of eye-PKC is defined by substrate colocalization
to the INAD macromolecular complex to which eye-PKC is teth-
ered. This hypothesis is in good agreement with our previous
observation that the interaction with INAD is essential for the in
vivo function of eye-PKC to modulate the visual response
(Adamski et al., 1998).

Although MTS is also tethered to the INAD signaling com-
plex, unlike eye-PKC, the abundance of MTS relative to INAD in
photoreceptors is likely to make it less sensitive to a reduction of
its gene dosage to effect visual electrophysiology. Alternatively, it
is possible that anchoring to the INAD complex by PP2A may be
regulated by the interaction via its B subunit instead of the C
subunit. Therefore, a reduction of MTS may not significantly
modify its presence in the INAD complex.

To elucidate the functional interplay, in vivo, between eye-
PKC and MTS, we characterized mts*%??*® and inaC"™?% double
heterozygotes. We made a significant discovery that only the slow
deactivation defect was rescued in the mts™*?%*® heterozygous
background. The selective rescue of deactivation defects by
mts*F??%% with no rescue of the abnormal light adaptation found
in inaC"" heterozygotes, suggests that PP2A regulates proteins
that lie downstream of eye-PKC, a conclusion that is also sup-
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Figure 6.  mts*2%% fails to rescue the light adaptation defects of inaC™* heterozygote and homozygote, and the slow
deactivation of norpA”’®. A, A diagram depicting how light adaptation was measured. Flies were exposed to a background light
with the indicated background intensity for 30 s, and then a 5 s test light (log ///, = —1) was given and the response was
measured. B, Shown are the responses as percentage of the dark-adapted response in the presence of various background
illuminations. €, Both norpA”™® and mts*é22%¢, norpA™ double mutants display similar slow deactivation kinetics. Abbreviations:
mts, mts¥¢22%. inaC, ina?°; norpA, norpA
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A concomitant reduction of the PP2A activity would lead to
increased phosphorylation of multiple substrates contributing to
the observed normal, fast deactivation kinetics found in the dou-
ble mutant. Potential PP2A substrates may include INAD, TRP,
and eye-PKC. Like other conventional PKCs, eye-PKC is most
likely a phosphoprotein (Newton, 2003) and hence its catalytic
activity is sensitive to PP2A. It is expected that a reduction of
PP2A should increase the autophosphorylation of eye-PKC,
bringing about an enhanced catalytic capability. However, the
presumably increased eye-PKC activity fails to restore the light
adaptation abnormality, suggesting that the modulation of eye-
PKC represents a lesser role of PP2A in vivo.

It is possible that PP2A dephosphorylates TRP, thus regulat-
ing deactivation kinetics. Consistently, we have reported that a
lack of phosphorylation at Ser?®* of TRP leads to slowed deacti-
vation of the visual response (Popescu et al., 2006). However,
trp™*, a null allele affecting the trp gene, displays a less severe
defect in deactivation than that of inaC*?”’ (H.-T. Leung and
W. L. Pak, unpublished observations), suggesting eye-PKC phos-
phorylation of TRP does not play a major role in the normal
deactivation. We have begun to examine the eye-PKC-dependent
phosphorylation of INAD and our preliminary results suggest
that a loss of phosphorylation in INAD also results in slowed
deactivation kinetics (N. Wang and B.-H. Shieh, unpublished
observations). This finding together with our aforementioned
biochemical results supports our hypothesis that the phosphatase
PP2A directly regulates phosphorylation states of INAD to im-
pact fast deactivation of the visual signaling. Very recently,
Mishra et al. (2007) reported a light-dependent conformation
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change in the fifth postsynaptic density-95/Discs large/zona
occludens-1 (PDZ) domain of INAD and proposed that eye-PKC
might orchestrate this event. Their findings are in agreement with
our studies supporting a critical role of INAD phosphorylation to
promote fast deactivation. It will be of great interest to elucidate
how phosphorylation of INAD leads to the conformation switch
in its fifth PDZ domain.

In addition to INAD, PP2A may dephosphorylate other, yet-
to-be identified substrates. Our observations that mts*****®* mod-
ified the severe deactivation defect of inaC"** homozygotes, sug-
gests that a reduction of MTS increases phosphorylation of
proteins, which are regulated by non-eye-PKC serine/threonine
protein kinases. Several protein kinases including CaMKII (Kahn
and Matsumoto, 1997), and NINAC (neither inactivation nor
afterpotential C) (Montell and Rubin, 1988; Li et al., 1998) have
been shown to modulate deactivation, and may play a role in
regulating deactivation in the absence of eye-PKC.

In summary, here we demonstrate the roles of PP2A and eye-
PKC in orchestrating reversible phosphorylation of INAD, and
that phosphorylation of INAD is most likely involved in fast de-
activation kinetics of the visual signaling in Drosophila. Our mul-
tiple biochemical findings support the critical role of PP2A to
dephosphorylate INAD. Our electrophysiological characteriza-
tion strongly indicates that a reduction of PP2A compensate for a
partial loss of function in eye-PKC leading to rescuing the slow
deactivation defect.
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