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Ca®* modulates the visual response in both vertebrates and
invertebrates. In Drosophila photoreceptors, an increase of
cytoplasmic Ca®>* mimics light adaptation. Little is known
regarding the mechanism, however. We explored the role of the
sole Drosophila Ca®>*/calmodulin-dependent protein kinase I
(CaMKII) to mediate light adaptation. CaMKII has been impli-
cated in the phosphorylation of arrestin 2 (Arr2). However, the
functional significance of Arr2 phosphorylation remains debat-
able. We identified retinal CaMKII by anti-CaMKII antibodies
and by its Ca>*-dependent autophosphorylation. Moreover, we
show that phosphorylation of CaMKII is greatly enhanced by
okadaic acid, and indeed, purified PP2A catalyzes the dephos-
phorylation of CaMKIL. Significantly, we demonstrate that anti-
CaMKII antibodies co-immunoprecipitate, and CaMKII fusion
proteins pull down the catalytic subunit of PP2A from fly
extracts, indicating that PP2A interacts with CaMKII to form a
protein complex. To investigate the function of CaMKII in pho-
toreceptors, we show that suppression of CaMKII in transgenic
flies affects light adaptation and increases prolonged depolariz-
ing afterpotential amplitude, whereas a reduced PP2A activity
brings about reduced prolonged depolarizing afterpotential
amplitude. Taken together, we conclude that CaMKII is
involved in the negative regulation of the visual response affect-
ing light adaptation, possibly by catalyzing phosphorylation of
Arr2. Moreover, the CaMKII activity appears tightly regulated
by the co-localized PP2A.

Visual transduction is the process that converts the signal of
light (photons) into a change of membrane potential in photo-
receptors (see Ref. 1 for review). Visual signaling is initiated
upon the activation of rhodopsins by light: light switches on
rhodopsin to generate metarhodopsin, which activates the het-
erotrimeric G, in Drosophila (2). Subsequently, the GTP-
bound Ga, subunit activates phospholipase Cp4 encoded by
the norpA (no receptor potential A) gene (3). Phospholipase
Cp4 catalyzes the breakdown of phosphoinositol 4,5-bisphos-
phate to generate diacylglycerol, which or its metabolite has
been implicated in gating the transient receptor potential
(TRP)? and TRP-like channels (4, 5). TRP is the major Ca*"
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channel that mediates the light-dependent depolarization
response leading to an increase of cytosolic Ca®>" in photore-
ceptors. The rise of intracellular Ca®*" modulates several
aspects of the visual response including activation, deactiva-
tion, and light adaptation (6). For example, Ca®* together with
diacylglycerol activates a classical protein kinase C, eye-PKC,
which is critical for the negative regulation of visual signaling by
modulating deactivation and light adaptation (7-11).

Light adaptation is the process by which photoreceptors
adjust the visual sensitivity in response to ambient background
light by down-regulating rhodopsin-mediated signaling. Light
adaptation can be arbitrarily subdivided into long term and
short term adaptation and may involve multiple regulations to
reduce the efficiency of rhodopsin, G protein, or cation chan-
nels. For example, translocation of both G, (12, 13) and TRP-
like channels (14, 15) out of the visual organelle may contribute
to long term adaptation in Drosophila. In contrast, short term
adaptation may be orchestrated by modulating the activity of
signaling proteins by protein kinases. Hardie and co-workers
(16) demonstrated that an increase of cytoplasmic [Ca>"] mim-
icked light adaptation, leading to inhibition of the light-induced
current. These authors also showed that light adaptation is
independent of eye-PKC. Thus the effect of cytoplasmic Ca**
to control light adaptation is likely mediated via calmodulin and
CaMKII. The contribution of CaMKII to light adaptation has
not been explored.

CaMKII is a multimeric Ca®>*/calmodulin-dependent pro-
tein kinase that modulates diverse signaling processes (17).
Drosophila contains one CaMKII gene (18) that gives rise to at
least four protein isoforms (19). These CaMKII isoforms share
over 85% sequence identities with the « isoform of vertebrate
CaMKIL For insights into the in vivo physiological role of
CaMKII, Griffith et al. (20) generated transgenic flies (ala)
expressing an inhibitory domain of the rat CaMKII under the
control of a heat shock promoter, ssp70. They demonstrated
that, upon heat shock treatment, the overexpression of the
inhibitory peptide resulted in a suppression of the endoge-
nous CaMKII activity in the transgenic flies (20). It has been
shown that inhibition of CaMKII affects learning and mem-
ory (20) and neuronal functions (21-24). In photoreceptors,
CaMKII has been implicated in the phosphorylation of the
major visual arrestin, Arr2 (25, 26). However, how phospho-
rylation of Arr2 by CaMKII modifies the visual signaling
remains to be elucidated.

longed depolarizing afterpotential; PKC, protein kinase C; PP2A, protein
phosphatase 2A.
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Here we report the biochemical and electrophysiological
analyses of CaMKII in Drosophila retina. We demonstrate that
suppression of CaMKII in ala' transgenic flies leads to a phe-
notype indicative of defective light adaptation. The ala' flies
also display greater visual response, suggesting a defect in Arr2.
These results support the notion that CaMKII plays a role in the
negative regulation of the visual response. Our biochemical
analyses demonstrate that dephosphorylation of CaMKII is
mediated by protein phosphatase 2A (PP2A). Importantly, we
show that PP2A interacts with CaMKI]I, indicating that CaMKII
forms a stable protein complex with PP2A to ensure a tight
regulation of the kinase activity. Thus a partial loss of function
in PP2A would elevate the CaMKII activity. Indeed, we show
that mts heterozygotes display reduced prolonged depolarizing
potential (PDA) amplitude. This PDA phenotype strongly sug-
gests that Arr2 becomes more effective to terminate the visual
signaling in mts flies. Together, our findings indicate that the
ability of Arr2 to terminate metarhodopsin is increased upon
phosphorylation by CaMKI]I, and the retinal CaMKII activity is
regulated by PP2A.

EXPERIMENTAL PROCEDURES

Recombinant DNA and Molecular Biology—cDNA frag-
ments coding for two Arr2 peptides (Arr2-Ser®**®, SNAMKK-
MKSIEQH, and Arr2-Ala®®®, SNAMKKMKAIEQH) and auto-
camtide (KKALRRQETVDAL) (27) were subcloned into
pGEX-4T-1 (GE Healthcare) for expression as a terminal pep-
tide of glutathione S-transferase (GST). Briefly, for each pep-
tide, a set of oligonucleotides flanking with sequences ready for
ligating into vectors with EcoRI (5') and Xhol (3’) sites were
annealed, and ligated with predigested pGEX-4T-1. The
recombinant DNA constructs were confirmed by automatic
DNA sequencing. The oligonucleotides used were listed below.
AA TTC TCG AAT GCC ATG AAG AAA ATG AAG TCC
ATC GAG CAG CAC TAA C (Arr2- Ser®®®-5'), TC GAG TTA
GTG CTG CTC GAT GGA CTT CAT TTT CTT CAT GGC
ATT CGA G (Arr2-Ser®*®-3'), AA TTC TCG AAT GCC ATG
AAG AAA ATG AAG GCC ATC GAG CAG CAC TAA C
(Arr2-Ala®%°-5"), TC GAG TTA GTG CTG CTC GAT GGC
CTTCATTTT CTT CAT GGC ATT CGA G (Arr2-Ala®®®-3),
AA TTC AAG AAA GCC CTC CGC AGG CAG GAG ACC
GTC GAT GCC TTG TAG C (autocamtide-5'), and AG CTA
CAA GGC ATC GAC GGT CTC CTG CCT GCG GAG GGC
TTT CTT G (autocamtide-3"). Recombinant pGEX-4T-1 con-
structs containing Arr2 or CaMKII were obtained by inserting
the cDNA sequence generated by PCR, into the EcoRI (5') and
Xhol (3’) sites.

In Vitro Phosphorylation—In vitro kinase assays were carried
out according to Alloway and Dolph (28). Briefly, 15 heads (or
30 retinas) from 1-3-day-old dark-reared flies were dissected
and homogenized in binding buffer (20 mm Tris, pH 7.5, 150
mwm KCl, 5 mum dithiothreitol, plus 1 mm phenylmethylsulfonyl
fluoride, 5 ng/ml leupeptin, 5 ng/ml pepstatin, and 5 ng/ml
aprotinin). Homogenates (1 pl) were added into the kinase
reaction buffer (6 pl) containing 16 mm Tris (pH 7.5), 5 mm
MgCl,, 5 mM B-mercaptoethanol, 3 uCi of [y->’P]JATP
(PerkinElmer Life Sciences) with either Ca** (0.5 mm) or
EGTA (2 mm). Phosphorylation reactions were carried out at
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30 °C for 20 min and analyzed by SDS/PAGE. Following elec-
trophoresis, the gel was stained with Coomassie Blue, dried,
and exposed to x-ray films or subjected to phosphorimaging
analysis (GE Healthcare). Alternatively, the kinase reaction was
performed in the presence of cold ATP (200 um), and the level
of phosphorylated Thr*®” or Thr®°® was determined by West-
ern blotting using phospho-specific antibodies.

Expression of CaMKII' =27 for in Vitro Kinase Assays—cDNA
encoding the kinase domain (1-275 amino acids) of Drosophila
CaMKII with added EcoRI and Xhol restriction sites was
obtained by PCR and subcloned into pGEX-4T-1 for expression
as a GST fusion protein. For the kinase assay, affinity-purified
CaMKII'~?7® fusion protein was mixed with immobilized sub-
strates in the presence of the kinase reaction buffer at 30 °C for
20 min. The incorporation of radioactive phosphate into sub-
strates was analyzed by SDS/PAGE followed by autoradiogra-
phy or phosphorimaging.

In Vitro Dephosphorylation Assay—Radiolabeled phospho-
rylated substrates were incubated with purified PP2A (Milli-
pore, Billerica, MA) containing the A/C dimer in the phospha-
tase buffer (50 mm HEPES, pH 7.0, 0.1 mm EDTA, 5 mMm
dithiothreitol, 0.025% Tween 20) at 30 °C for 20 min. Phospho-
rylated proteins were analyzed by SDS/PAGE, followed by
autoradiography. Protein bands corresponding to phosphoryl-
ated protein were excised and quantitated by liquid scintillation
counter.

Preparation of Fly Head Extracts and Western Blotting—Pro-
teins in fly heads were extracted with the extraction buffer (50
mMm Tris-HCI, pH 8.0, 150 mm NaCl, 1% Triton X-100, and a
mixture of protease inhibitors) as previously described (8). Pro-
tein content of the extract was determined by BCA (Thermo
Scientific, Rockford, IL). For quantitative Western blotting, flu-
orophore-conjugated secondary antibodies (Alexa Fluor® 680
goat anti-mouse IgG; Invitrogen) were used, and the signals
were visualized and quantified by the Odyssey infrared imaging
system (LI-COR, Lincoln, NE). Anti-Arr2 antibodies were a gift
from Dr. Rangananthan (University of Texas Southwestern
Medical Center) (29). Monoclonal anti-Rh1l rhodopsin anti-
body was from Development Studies Hybridomo Bank (Uni-
versity of Iowa). Monoclonal anti-PP2Aca, which recognizes
the catalytic subunit of Drosophila PP2A (MTS) was obtained
from BD Biosciences (San Jose, CA). Polyclonal antibodies for
phosphorylated CaMKII at Thr°® were obtained from Phos-
phoSolutions (Aurora, CO), and the antibodies recognizing
phosphorylated CaMKII at Thr*®” were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA).

Pulldown Assays Using GST Fusion Proteins—GST fusion
proteins expressed in bacteria were extracted with lysis buffer
(50 mMm Tris, pH 7.5, 50 mm NaCl, 5 mm MgCl,, 1 mm 1,4-di-
thiothreitol, plus a mixture of protease inhibitors). Bacterial
lysates were incubated with 25 ul of glutathione-Sepharose
beads (Thermo Scientific) to recover GST fusion proteins
according to the protocol supplied by the manufacturer.
Approximately 10 ug of immobilized GST fusion proteins (or
GST alone) were incubated at 4 °C for 1 h with wild-type fly
head extracts containing 1% Triton X-100 prepared as
described above. Following incubation, the pulled down mix-
ture containing GST fusion proteins and interacting proteins
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was briefly washed three times with lysis buffer to remove non-
specific binding proteins and analyzed by SDS/PAGE. GST
fusion proteins and co-purified associating proteins were
detected by Coomassie staining or Western blotting (30).

Calmodulin-Agarose Binding—Fly extracts prepared with
the extraction buffer containing 1% Triton X-100 were incu-
bated with calmodulin-agarose (Sigma) in the presence of Ca®>"
or EGTA, as recommended by the supplier. Following three
washes, proteins that bind to the beads were eluted and ana-
lyzed by Western blotting.

Generation of Anti-CaMKII Antibodies—Polyclonal antibod-
ies were obtained by immunizing rabbits with the GST fusion
protein containing CaMKII**>~*%° (382-490 amino acids,
CG18069-PA) expressed in bacteria. The rabbit sera were col-
lected after the second injection and tested by Western blot-
ting. The antibodies used for both Western blotting and immu-
noprecipitations were obtained after the sixth injection of the
antigen.

Immunoprecipitation and Immunocomplex Kinase Assay—
Fly head extracts (300 ug of total protein) were incubated with
anti-CaMKII antibodies, and the immunocomplexes were
recovered by protein A-agarose beads (Thermo Scientific). Fol-
lowing three washes with extraction buffer, the immunocom-
plexes were analyzed by SDS/PAGE or proceeded with an in
vitro kinase reaction by incubating with 50 ul of kinase reaction
buffer containing Ca®>* at 30 °C for 20 min. The kinase reaction
was terminated upon the addition of the sample buffer and
analyzed by SDS/PAGE followed by phosphorimaging analysis
or autoradiography.

Fractionation of Cytosol and Membranes—Fly heads were
collected and homogenized in binding buffer. The membrane
was separated from the cytosol following centrifugation at
14,000 X g (48). Cytosol and membrane (from approximately
four fly heads equivalents, ~25 and 16 ug of total protein,
respectively) were analyzed by Western blotting.

Electroretinogram (ERG) Recordings—ERG was performed
on 3-5-day-old flies as previously described (31). A 300-Watt
Halogen lamp (OSRAM) was used for light stimuli. The unat-
tenuated intensity at the level of the fly was 810 uW/cm?. Both
recording and ground electrodes were filled with Hoyle’s solu-
tion. Orange and blue stimuli were generated by the use of
Corning CS2-73 and 5433 filters, respectively. At each stimulus,
the flies were first dark-adapted for 3 min and then given a blue
light stimulus of various durations. The PDA amplitude was
measured 70 s post-stimulation. Then a pulse of the orange
light of the same duration as the preceding blue light was
applied, and the peak amplitude was recorded. To ensure pho-
toconversion of metarhodopsin back to rhodopsin, an orange
light stimulus was given prior to the blue light stimulation. All
of the recordings were made at 25 °C. The 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).

Fly Stocks—Fly stocks were maintained at 25°C in a 12-h
dark/12-h light cycle. The mts*¥2>°® was obtained from Bloom-
ington Stock Center, and the ras transgene was removed (11).
The ala' transgenic line, in which the transgene was integrated
in the X-chromosome, was provided by Dr. L. Griffith (Brandeis
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FIGURE 1. Identification of CaMKIl in retinal extracts. A, in vitro kinase
assays. Retinal homogenates from wild type (W'""8) or inaC (inaC*?%®) were
used for in vitro kinase assays in the presence of Ca>* or EGTA, as indicated
below. Phosphorylation of retinal proteins was analyzed by SDS/PAGE and
detected by autoradiography. A broad band of ~55-65 kDa (bracket) shows
Ca?"-dependent phosphorylation in both wild-type and inaC homogenates.
B, isolation of phosphorylated CaMKIl by calmodulin-agarose. Retinal homo-
genates were extracted with extraction buffer containing 1% Triton X-100,
and the extract was incubated with calmodulin-agarose. Shown is an autora-
diogram depicting total phosphorylated proteins (left panel, lane 1) and those
recovered upon binding to calmodulin-agarose in the absence (lane 2) or
presence of Ca®" (lane 3). Phosphorylated proteins were revealed by autora-
diography (left panel) following Western blotting (WB) with anti-CaMKII anti-
bodies (right panel). Protein standards are indicated on the left (in kDa).

University). The ala' fly was crossed into the genetic back-
ground of cn, bw to generate white-eyed ala'; cn, bw lines.

RESULTS

Identification of CaMKII in Retinal Extracts—CaMKIl is crit-
ically involved in the Ca®"-dependent regulation of signal
transduction in the nervous system. In particular, CaMKII
mediates activity-dependent alteration of neuronal functions
by modulating the function of receptors and ion channels. Dro-
sophila has one CaMKII gene (18) whose gene product has been
implicated in the light-dependent phosphorylation of Arr2 in
photoreceptors (25, 26). However, little is known regarding the
biochemistry of CaMKII in the eye and how it may contribute to
fine-tuning of the visual response.

To identify CaMKII in the retina, we first looked for proteins
that undergo Ca®*-dependent phosphorylation. Experimen-
tally, retinal homogenates from wild-type flies (W'''®) were
used for in vitro phosphorylation assays in the presence of
radioactive ATP (28). Phosphorylated proteins were analyzed
by SDS/PAGE and revealed by autoradiography. As shown in
Fig. 14, several retinal proteins were phosphorylated; however,
only a broad band that migrates near 55— 65 kDa (bracket) con-
sistently displayed enhanced phosphorylation in the presence
of Ca®>" (Fig. 14). This Ca®>"-dependent phosphorylation was
also observed in inaC™° homogenates, indicating that phos-
phorylation is not regulated by eye-PKC (10). To investigate
whether the 55— 65-kDa protein that showed Ca*>*-dependent
phosphorylation is CaMKII, we first tested its enrichment by
calmodulin-agarose. We performed calmodulin pulldown assays
and show that calmodulin-agarose isolated phosphorylated
55—-65-kDa protein (Fig. 1B, left panel, second and third lanes),
supporting that this diffuse protein band may be CaMKII. Impor-
tantly, polyclonal antibodies raised against Drosophila CaMKII
(Fig. 2A) recognized a band in the Western blot, which co-mi-
grated with the putative phosphorylated CaMKII isolated by cal-
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FIGURE 2. Characterization of anti-CaMKIl antibodies. A, Western blot (WB) analysis. Anti-CaMKIl recognized multiple polypeptide species in fly head
extracts (lane 1), which were enriched by calmodulin-agarose (lane 3), but not by protein A-agarose, a negative control (lane 2). The specificity of antibodies was
established as pretreatment with excess antigen greatly diminished the signals in the Western blot (lanes 4 and 5). Lane 4 contains CaMKIl enriched by
calmodulin-agarose, and lane 5 contains fly head extracts equivalent to the amount loaded in lane 1. B, anti-CaMKIl immunoprecipitated CaMKIl from fly head
extracts. CaMKIl was detected by autoradiography following phosphorylation by in vitro kinase assays (lane 2). In contrast, preimmune IgG did not isolate
CaMKIl (lane 1). The phosphorylated protein of high molecular mass (>104 kDa) may represent undissociated antibody-CaMKIl complex. C, subcellular
fractionation of CaMKIl and phosphorylation of CaMKIl at Thr*°¢, CaMKIl is present in both cytosol (left panel, lane 2) and membrane (lane 3) following
fractionation (see “Experimental Procedures”). In contrast, Rh1 rhodopsin is only detected in the membrane (bottom panels). Lane 1 contains total fly head
extracts. The level of phosphorylated CaMKIl at Thr*°® following in vitro kinase assay with Ca>* (right panels, lane 6) or EGTA (lane 5) was similar. Lane 4 contains
total fly head extracts. D, phosphorylation of CaMKIl at Thr?®” is greatly increased by Ca®*. Shown is a Western blot probing with antibodies specific for either
phosphorylated Thr?®” (left panels) or total CaMKIl (right panels). The in vitro kinase reactions were performed in the presence of EGTA (lane 1) or Ca®* (lane 2).

Protein size standards are indicated on the /eft.

modulin-agarose (Fig. 1B, right panel). Together, we demonstrate
the presence of CaMKII in the fly retina.

Anti-CaMKII Polyclonal Antibodies Immunoprecipitate
CaMKII and Recognize CaMKII by Western Blotting—As men-
tioned, we obtained antibodies against Drosophila CaMKII.
Specifically, we immunized rabbits with a fusion protein con-
taining a portion of the association domain, CaMKII?#>~*%°
(isoform A, accession: NP_726633; see Fig. 4B). This region of
CaMKII is more divergent than the corresponding domain of
the vertebrate CaMKII but is present in all predicted Drosoph-
ila isoforms. The predicted CaMKII isoforms consist of 490,
509, 516, and 530 amino acids in length with variations in the
regulatory domain (32). The regulatory domain of CaMKII
encompassing an autoinhibitory and a calmodulin-binding site
is important for modulation of the kinase activity.

As shown in Fig. 24, Western blotting using anti-CaMKII
antibodies revealed multiple protein species of CaMKII near
55—65 kDa from the fly head extracts (lane I), which can be
enriched by calmodulin-agarose (lane 3) but not by protein
A-agarose (lane 2). The specificity of our anti-CaMKII antibod-
ies was supported by immunodepletion studies (Fig. 24, lanes 4
and 5); CaMKII signals in the Western blot were greatly dimin-
ished when antiserum was immunodepleted upon incubating
with immobilized CaMKII**?~%°°, but not with GST (not
shown).
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The observed multiple species of CaMKII could be due to
different protein isoforms, as well as phosphorylation states.
Consistently, a monoclonal antibody specific for Drosophila
CaMKII obtained by Takamatsu et al. (33) also recognized mul-
tiple bands in fly head extracts.

The polyclonal anti-CaMKII antibodies were also evaluated
by immunoprecipitation assays. To reveal immunoprecipitated
CaMKII, which co-migrates with the heavy chain of the IgG in
SDS/PAGE, we carried out in vitro kinase assays following
immunoprecipitation to radiolabeled CaMKII because
CaMKIl is capable of autophosphorylation in the presence of
Ca" (Fig. 2B, lane 2). We demonstrate that anti-CaMKII
antibodies, but not the preimmune IgG, isolated CaMKII
(Fig. 2B). Taken together, we identified CaMKII by both
immunological and biochemical methodologies. Like its ver-
tebrate CaMKII, Drosophila CaMKII undergoes Ca’*-de-
pendent autophosphorylation.

CaMKIl Is Detected in the Cytosol and Membrane—To inves-
tigate whether CaMKII is localized in the cytosol or associated
with the membrane, we performed subcellular fractionation.
Fly heads were homogenized without detergents, and cytosol
was separated from the membrane by centrifugation and ana-
lyzed by Western blotting. As shown in Fig. 2C (top left panel),
we found that ~60% of total CaMKII (lane 3) is present in the
membrane fraction with the remaining 40% in the cytosol (lane
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(Fig. 2C, top left panel, lane 1). How-
ever, the level of phosphorylated
Thr®*® was not significantly in-
creased by Ca®" (Fig. 2C, top right
panel, lanes 5 and 6). In contrast, the
level of phosphorylated CaMKII
containing Thr*®” was greatly
increased when in vitro kinase
assays were performed in the pres-
ence of Ca’" (Fig. 2D). Taken
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together, we conclude that the
observed Ca®"-dependent auto-
phosphorylation of  Drosophila
CaMKII occurs mostly at Thr*®”.
Autophosphorylation of CaMKII
Is Increased by Okadaic Acid—We
noted that relative levels of phos-
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FIGURE 3. Role of PP2A to catalyze the dephosphorylation of CaMKIl and Arr2. A, potentiation of CaMKI|
autophosphorylation by okadaic acid. Shown is the autoradiography of an in vitro phosphorylation of fly head
homogenates in the presence of Ca®* for either 10 (lanes 7 and 2) or 20 min (lanes 3 and 4), as indicated. The
effect of okadaic acid (10 nm) to potentiate autophosphorylation of CaMKIl (bracket) was investigated (lanes 2
and 4). B, time-dependent potentiation of autophosphorylation of CaMKIl by okadaic acid. The levels of phos-
phorylated CaMKIl with (filled square) or without okadaic acid were determined by Western blotting using
Thr(P)?#”-specific antibodies. Okadaic increased autophosphorylation of CaMKIl at Thr*®” by 15-fold following
1 min of incubation. C, PP2A dephosphorylates CaMKIl, but not Arr2. Purified PP2A was incubated with phos-
phorylated Arr23°>=4%° or CaMKII for 20 min, and the remaining phosphorylated proteins were quantitated
following SDS/PAGE and shown in a histogram. Phosphorylated INAD containing the first and second PDZ

domains was used as a positive control for PP2A.

2). It is interesting to note the differential distribution of the
CaMKII isoforms. As a control, Rh1 rhodopsin is detected pre-
dominantly in the membrane (bottom left panel, lane 3).

Phosphorylation at Thr*®” of CaMKII Is Elevated By Ca”" —It
has been well established that CaMKII undergoes autophos-
phorylation at two residues in its regulatory domain, which crit-
ically modulates the kinase activity. The Ca®>" -dependent phos-
phorylation at Thr*®” of Drosophila CaMKIl is important for its
activation, because phosphorylation drastically increases its
affinity for calmodulin leading to the Ca**/calmodulin inde-
pendent kinase activity (34). In contrast, phosphorylation at
Thr?% occurs following phosphorylation at Thr*®*” and results
in a reduction of calmodulin binding and inactivation of the
kinase (34).

To investigate whether phosphorylation of CaMKII at Thr
is increased in the in vitro kinase assays, we estimated the rela-
tive level of phosphorylated CaMKII using polyclonal antibod-
ies that recognize Thr(P)*°°® (35). By Western blotting, anti-
Thr(P)3°° antibodies detect a protein band (Fig. 2C, top right
panel, lane 4) that appears to correspond to the fast moving
CaMKII species recognized by our anti-CaMKII antibodies

306
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phorylated CaMKII revealed by the
in vitro phosphorylation assays
sometimes did not show a linear
relationship with the incubation
time (Fig. 3A), suggesting that phos-
phorylation states of CaMKII may
be regulated by tightly associated
protein phosphatases. To uncover
the critical protein phosphatase that
regulates dephosphorylation of
CaMKII, we explored the effect of
protein phosphatase inhibitors. We
show that okadaic acid (10 nm) led
to an increase in phosphorylation of
CaMKII (Fig. 3, A and B). By West-
ern blotting employing antibodies
specific for phosphorylated CaMKII
at Thr*®”, we show that Thr?®”
phosphorylation is drastically in-
creased in the presence of okadaic
acid (Fig. 3B). In particular, the potentiation is much greater
during shorter incubation times (e.g. 1 min). We estimated the
IC, of okadaic acid that elevates phosphorylation of CaMKII to
be ~1 nm, suggesting that dephosphorylation of CaMKII is
controlled by members of the PP2A family (36). Together, we
conclude that dephosphorylation of CaMKII appears to be reg-
ulated by closely localized PP2A.

Purified PP2A Dephosphorylates CaMKII in Vitro—To inves-
tigate whether PP2A is directly involved in the dephosphoryla-
tion of CaMKII, we performed phosphatase assays using
purified PP2A. Experimentally, PP2A was incubated with
phosphorylated CaMKII, which was generated by the immu-
nocomplex kinase assays (Fig. 2B). The level of radiolabeled
phosphorylated CaMKII following incubation with PP2A
was quantitated by scintillation counter. Indeed, we demon-
strate that PP2A exhibits a concentration-dependent activity to
dephosphorylate CaMKII (Fig. 3C), similar to INAD, a known
substrate of PP2A (11).

Interactions between PP2A and CaMKII Revealed by Immu-
noprecipitation and Pulldown Assays—To investigate whether
CaMKII and PP2A form a stable protein complex in photore-
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FIGURE 4. Interactions between PP2A and CaMKII. A, co-purification of PP2A by anti-CaMKIl antibodies. Shown is an immunoprecipitation (/P) assay using
either anti-CaMKIl antibodies (lane 2) or preimmune IgG (lane 3). The presence of CaMKIl was revealed by autoradiography following in vitro kinase assay (top
panel). The co-precipitation of MTS was detected by Western blotting (bottom panel). Lane 1 contains an aliquot of fly head extracts. Protein standards are
indicated on the left. B, PP2A interacts with CaMKIl by pulldown assays. Shown is a summary of the pulldown results. Similar amounts of GST fusion proteins
containing regulatory or association domain of CaMKII (isoform A) were examined for potential association with PP2A in the fly extracts. The enriched PP2A was
revealed by the presence of MTS by Western blotting (inset). Fusion proteins used for pulldown assays were CaMKII?*>=*%° (Jane 2), CaMKII*82=%%° (jane 3),

CaMKII?%°3¢3 (Jane 4), CaMKII*82~4%° (Jane 5), and GST alone (lane 6). Lane 1 contains fly extracts.

ceptors, we first examined whether PP2A could be co-immu-
noprecipitated by anti-CaMKII antibodies. As shown before
(Fig. 2B), anti-CaMKII antisera specifically purified CaMKII,
which can be detected by autoradiography following autophos-
phorylation (Fig. 44, top panel, lane 2). Remarkably, the cata-
lytic subunit of PP2A (MTS) was co-purified in the immuno-
precipitates by anti-CaMKII, but not by the preimmune IgG
(Fig. 44, bottom panel). This result is consistent with our obser-
vation that okadaic acid significantly enhanced autophospho-
rylation of immunoprecipitated CaMKII (not shown) and
strongly indicates that CaMKII interacts with PP2A to form a
protein complex.

To further investigate the formation of the PP2A-CaMKII
complex, we performed pulldown assays. Experimentally,
immobilized GST fusion proteins containing CaMKII were
used to isolate endogenous PP2A from fly extracts, and PP2A
was detected by Western blotting for the presence of the cata-
lytic subunit (MTS). The results are summarized in Fig. 4B. We
demonstrate that MTS can be co-purified with CaMKII>*°~3¢3
and CaMKII?**~*%° (in isoform A). Collectively, these results
strongly indicate that CaMKII directly associates with PP2A to
form a PP2A-CaMKII protein complex.

Drosophila CaMKII Phosphorylates Arr2 Fusion Proteins
Containing Ser**°—As indicated before, CaMKII has been
implicated in the phosphorylation of Arr2. In addition, Ser®®® of
Arr2 is the major in vivo phosphorylation site as revealed by
mass spectrometric analysis of the endogenous Arr2 (37). To
identify the critical kinase from fly extracts, Kahn and Mat-
sumoto (26) demonstrated that the desired kinase activity
responsible for the phosphorylation of Arr2 was regulated by
both Ca®* and calmodulin (26). Moreover, these authors
showed that purified rat brain CaMKII was capable of phospho-
rylating a polypeptide substrate of Arr2 spanning Ser>°® in vitro
(25).

To demonstrate that Drosophila CaMKII indeed catalyzes
the phosphorylation of Ser®®® in Arr2, we obtained recombi-
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nant Drosophila CaMKII by expressing in bacteria. We
employed a modified Drosophila CaMKII, CaMKII'~>’%, which
contains only the kinase domain (Fig. 4B). It has been shown
that truncated CaMKII missing its regulatory and association
domains displays autonomous kinase activity independent of
Ca®" (38). Consistently, we show that in the absence of Ca®"
and calmodulin, CaMKII'~”> phosphorylated fusion proteins
containing a terminal autocamtide II sequence (KKALR-
RQETVDAL) (Fig. 54, lane 3), a commonly used peptide sub-
strate of CaMKIIL. Moreover, recombinant CaMKII'~>”® phos-
phorylated a short peptide sequence spanning the Arr2
phosphorylation site (SNAMKKMKS?**°IEQH) (Fig. 5, A, lane
5, and B, lane 1) and a fusion protein containing the last 96
amino acids of Arr2, Arr2305-400 (Fig. 5B, lane 3). As negative
controls, both GST alone and the sequence spanning the first
PDZ and second domains of INAD (Fig. 5B, lane 4) were not
phosphorylated by CaMKII'>”°. Importantly, Ala substitution
of the Arr2 peptide at Ser’*® greatly diminished the CaMKII-
dependent phosphorylation (Fig. 54, lane 6). Together, our
results demonstrate that Drosophila CaMKII is directly
involved in the phosphorylation of Arr2 at Ser®®® in vitro.

Dephosphorylation of Arr2 Does Not Depend on PP2A—As
shown before, phosphorylation of Arr2 appears regulated by
CaMKII, whose activity may be modulated by the co-local-
ized PP2A. However, PP2A may be also critical to promote
the dephosphorylation of Arr2. To investigate whether Arr2
dephosphorylation is directly catalyzed by PP2A, we em-
ployed purified PP2A for dephosphorylation assays. Experi-
mentally, equal amounts of phosphorylated Arr23°°-4%°
were incubated with various concentrations of PP2A, and
the level of phosphorylated Arr23°°=*°° was determined by
scintillation counting. Interestingly, we found that phospho-
rylated Arr22°>~*%° remained relatively constant in the pres-
ence of PP2A (Fig. 3C). This finding strongly indicates that
PP2A is not directly involved in the dephosphorylation of
Arr2 in vitro.
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FIGURE 5. Phosphorylation of Arr2 by recombinant Drosophila CaMKII' 275,
A, CaMKII'™2”® displays autonomous kinase activity. CaMKII'"?”> was
employed for the phosphorylation of GST fusion containing the autocamtide
sequence with (lane 1) or without Ca**/calmodulin (lane 3). CaMKII'=%"* also
phosphorylates fusion protein containing a short peptide of Arr2 encompass-
ing Ser®®® (lane 5). Substitution of Ser**® with Ala completely eliminates the
phosphorylation (lane 6). Lanes 2 and 4 contain GST alone. B, CaMKII'=27*
phosphorylates the C terminus of Arr2. GST fusion proteins containing the C
terminus of Arr2 spanning residues 305-400 (~41 kDa in size, arrow) were
phosphorylated by recombinant CaMKII'=2”> (lane 3). Note that this Arr2
fusion protein forms dimers. For comparison, phosphorylation of Arr2 pep-
tide fusion is included in lane 1. In contrast, GST alone (lane 2) and fusion
proteins containing the N terminus of INAD containing the first and second
PDZ domains (~74 kDa in size) were not phosphorylated (lane 4). Protein size
markers are indicated on the left.

Characterization of ala’ Flies to Reveal the in Vivo Functions
of CaMKII in the Visual Signaling—Arr2 is critical for deacti-
vation of the visual response by modulating the interaction
between metarhodopsin and the downstream G,. To investi-
gate the in vivo role of Arr2 phosphorylation by CaMKII in
photoreceptors, we characterized ala' transgenic flies in which
CaMKII activity is reduced because of overexpression of the
inhibitory peptide (20). The ala flies have been well character-
ized and shown to affect several neuronal processes including
learning and memory (20) and synaptic transmission (21-24).

We performed ERG, the extracellular recordings of the com-
pound eye, to analyze visual electrophysiology. First, we exam-
ined how CaMKII modulates the ability of Arr2 to inactivate
metarhodopsin by investigating the generation of PDA (Fig. 6).
Briefly, PDA is the persistent depolarization initiated upon acti-
vation of rhodopsin by intense light and is contributed by the
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continued activity of unquenched metarhodopsin to activate
the visual signaling when its inactivation by Arr2 becomes lim-
iting (39). Arrestin inactivates metarhodopsin by stoichiomet-
rically blocking its interaction with the downstream G protein
(40, 41). In Drosophila, Arr2 and the major rhodopsin Rh1 are
~1:4 in molar ratio (39). Therefore when over 30% of Rh1 rho-
dopsin become activated following intense light stimulation,
~25% of metarhodopsin will be inactivated by Arr2, and the
remaining 5% stay active to trigger PDA. PDA can be more
effectively induced by the blue light, which specifically activates
Rh1 rhodopsin.

Experimentally, we stimulated dark-adapted ala' and wild-
type flies with intense blue light of varying durations (1-7 s) and
measured PDA 70 s post-stimulation (Fig. 6, A and B). The
relationship between PDA amplitude and light duration was
examined quantitatively and is shown in Fig. 6D. We show that,
compared with wild-type flies, ala' displays greater PDA ampli-
tude (Fig. 6D). The increased PDA amplitude may be due to
either more active metarhodopsin or less efficient Arr2 to shut
down metarhodopsin mediated response. The latter is more
likely, because phosphorylation of Arr2 is mediated by CaMKII
that is suppressed in ala® flies. Moreover, the impaired activity
of Arr2 is not due to a reduction of the Arr2 content in ala’ flies
(not shown). Taken together, we conclude that a decreased
phosphorylation of Arr2 because of inhibition of endogenous
CaMKII reduces the ability of Arr2 to uncouple the metarho-
dopsin-mediated visual response.

To investigate whether suppression of CaMKII also affects
the sensitivity of photoreceptors, we compared the visual
response following the generation of PDA. It is important to
note that PDA can be readily terminated by a pulse of the
orange light (39), which photoconverts metarhodopsin back to
rhodopsin, as well as activates rhodopsin (Fig. 64). We meas-
ured the peak amplitude elicited by the orange light stimulation
following different levels of PDA and investigated the relation-
ship between peak amplitude (by the orange light) and the prior
PDA amplitude (Fig. 6E). In wild-type flies, we show that peak
amplitude declines as PDA amplitude increases, a phenomenon
indicative of light adaptation, because previous visual exposure
down-regulates the response to subsequent light stimulation.
Remarkably, in ala' flies the peak amplitude remains constant,
despite the increase of PDA amplitude (Fig. 6E), indicating a
lack of light adaptation. Based on the findings, it appears that
inhibition of CaMKII leads to less light-adapted visual
response. This defect could be contributed by a lack of CaMKII
phosphorylation in Arr2 or other substrates. Taken together,
our results support the notion that CaMKII is involved in the
negative regulation of the visual response, because suppression
of CaMKII leads to elevated PDA amplitude and a more con-
stant peak response. We conclude that phosphorylation by
CaMKII generates more active Arr2 to inactivate metarhodop-
sin, which may contribute to light adaptation.

Electrophysiological Analysis of mts for Insights into Regula-
tion of CaMKII by PP2A in Vivo—Our ERG characterization of
ala* flies strongly suggests that inhibition of CaMKII greatly
diminishes the ability of Arr2 to inactivate metarhodopsin
mediated depolarization response. To gain further insights into
the role of CaMKII to modulate Arr2, and how CaMKII is reg-
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FIGURE 6. Electrophysiological characterization of ala and mts flies affecting CaMKIl and PP2A by ERG.
Shown are superimposed ERG recordings of wild type (wt, A), ala’ transgenic flies (with heat shock) (B), and
mts*t22%8 heterozygotes affecting PP2A (mts/CyO) (C), in response to a pulse of light of various durations (1, 3,
5,and 7 s). Blue light (A480) was employed for the initial stimulation, and orange light (A580) was used follow-
ing PDA. D, the peak amplitude following the induction of PDA (PDA amplitude) was measured 70 s post-
termination of the blue light. The PDA amplitude elicited by different duration of blue light pulse was com-
pared among three different fly strains. Heat shock alone did not modify PDA generation in wild-type flies,
whereas heat shock treated ala’ displays greater PDA amplitude. E, relationship between PDA amplitude and
the subsequent response to the orange light. The peak amplitude by the orange light following different level
of PDA is plotted against PDA amplitude. In wild type and mts/CyO, a greater PDA amplitude results in a

decreased peak response.

ulated by PP2A in vivo, we examined mts**?**% (mts) mutants
affecting the catalytic subunit of PP2A (11, 42). We showed
earlier that PP2A catalyzes dephosphorylation of CaMKII and
is co-localized with CaMKII to regulate autophosphorylation
and hence the kinase activity. Therefore the CaMKII activity is
expected to increase in a partial loss of function of PP2A
mutant. We previously analyzed mts heterozygotes and
reported that a reduction of PP2A can compensate for a partial
loss of function in eye-PKC to restore fast deactivation of the
visual response (11).

Using similar stimulation paradigms as described earlier, we
demonstrate that in mts mutant PDA is less easily evoked,
because generation of PDA required a longer blue light pulse
(Fig. 6C). Therefore, when similar light stimulation was given,
the mts mutant displayed reduced PDA amplitude, when com-
pared with wild-type flies (Fig. 6D). The decreased PDA ampli-
tude may be due to decreased output of metarhodopsin and/or
increased activity of Arr2 in mts. Although dephosphorylation
of Arr2 is not directly regulated by PP2A (Fig. 3C), the latter
hypothesis is still more likely because PP2A may affect phos-
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PDA amplitude (mV)

orange light. We show that mts pho-
toreceptors appear capable of light
adaptation similar to wild type,
because the peak amplitude de-
clines when PDA amplitude in-
creases (Fig. 6E). This result sug-
gests that an increase of the CaMKII
activity caused by a reduction of
PP2A does not significantly modify
light adaptation. Taken together,
our findings support the notion that
PP2A is critically involved in modu-
lating the function of CaMKII in
vivo, and a reduction of PP2A brings about a more active
CaMKII to generate more effective Arr2 for switching off
metarhodopsin. Based on our electrophysiological character-
ization of mts and ala' flies, we conclude that phosphorylation
of Arr2 greatly increases its activity to preclude the interaction
between metarhodopsin and G protein, and the CaMKII-de-
pendent phosphorylation of Arr2 may contribute to short term
light adaptation.

DISCUSSION

Visual and nonvisual arrestins are multifunctional adaptor
proteins that orchestrate as well as regulate several facets of G
protein-coupled receptors signaling including receptor traf-
ficking, signaling switching, and receptor desensitization (43,
44). Arrestin is one of the major players involved in the down-
regulation of G protein-mediated processes by stoichiometri-
cally interacting with activated receptor to prevent its associa-
tion with the downstream G protein (40, 41). Moreover,
arrestin, by recruiting c-Src, promotes the activation of the
mitogen-activated protein kinase (MAPK) pathway (44).
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Despite playing an important role in G protein-coupled recep-
tor-mediated signaling, how the activity of arrestin is regulated
to coordinate various signaling events of G protein-coupled
receptors awaits to be explored.

Drosophila photoreceptors express two distinct arrestin
homologues, Arrl and Arr2, both of which are tightly involved
in the termination of metarhodopsin (39). Arrl also partici-
pates in the light-dependent endocytosis of rhodopsin (45) and
therefore is likely to regulate visual sensitivity. Interestingly,
both Arrl and Arr2 become phosphorylated in a light-depend-
ent manner (28, 46—48), and phosphorylation of Arr2, the
major arrestin in photoreceptors, is mediated by CaMKII (25,
26, 37). To date, the functional contribution of light-dependent
phosphorylation of Arr2 remains unsettled. One hypothesis
proposed that phosphorylation of Arr2 promotes the release of
Arr2 from the membrane following its dissociation from rho-
dopsin (28). The other hypothesis suggested that phosphoryla-
tion of Arr2 initiates the interaction with metarhodopsin lead-
ing to inactivation of the visual response (26, 48).

In an attempt to elucidate the regulation of Arr2 by CaMKI]I,
we identified and characterized CaMKII in the retina. Drosoph-
ila has only one CaMKII gene, which is expressed throughout
the development. A loss of function in CaMKII affects the via-
bility of the fly. For insights into the function of CaMKII in
photoreceptors, we characterized ala' transgenic flies in which
the endogenous CaMKII activity is reduced by overexpression
of an inhibitory peptide. We demonstrate that suppression of
CaMKII in vivo leads to increased PDA amplitudes, most likely
by decreasing the effectiveness of Arr2. Moreover, a reduced
CaMKII activity also results in constant peak amplitudes, indi-
cating that ala photoreceptors display abnormal light adapta-
tion. Our findings support the notion that CaMKII is involved
in light adaptation, because inhibition of CaMKII brings about
greater visual response. Moreover, CaMKII catalyzes Arr2
phosphorylation, which creates more efficient Arr2 for uncou-
pling metarhodopsin-mediated signaling.

Our electrophysiological analyses support a new hypothesis
that implicates Arr2 phosphorylation in the negative modula-
tion of the visual response. Moreover, our results shed light
onto the nature of the negative regulation. In essence, light
stimulation leads to the opening of the TRP and TRP-like chan-
nels, resulting in an increase of cytoplasmic Ca>" that activates
CaMKII. Activation of CaMKII generates more phosphorylated
Arr2 that somehow is more efficient to uncouple metarhodop-
sin-mediated response. Therefore the level of phosphorylated
Arr2 is regulated by cytoplasmic Ca®", which is increased upon
light stimulation. Prolonged light exposure is expected to ele-
vate the level of phosphorylated Arr2 to orchestrate timely
inactivation of metarhodopsin.

The light-dependent negative modulation mediated by
Ca®" and CaMKII may underlie the short term light adaptation.
Thus a reduction of the CaMKII activity would result in less
light-adapted photoreceptors and, consequently, increased
peak amplitude. In contrast, increased CaMKII function would
result in more light-adapted photoreceptors and, consequently,
a reduced visual response. However, the mts flies in which the
CaMKII activity may be elevated because of a reduced PP2A
activity display light adaptation almost like wild-type flies. This
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lack of light adaptation defects in mts may be due to the fact that
the CaMKII activity is maximally active in wild-type photore-
ceptors, and a further increase of the CaMKII activity would not
modify light adaptation in mts. The molecular basis by which
CaMKII modulates light adaptation awaits further investiga-
tion. It is very likely that CaMKII, by phosphorylating Arr2,
orchestrates the short term light adaptation. Alternatively,
additional yet-to-be identified substrates of CaMKII may be
also involved.

In summary, by a series of biochemical analyses, we demon-
strate that retinal CaMKII undergoes Ca* " -dependent phos-
phorylation at Thr*®’, and autophosphorylation of CaMKII is
greatly enhanced by okadaic acid, an inhibitor of protein phos-
phatase 1/2A. Moreover, we show that PP2A catalyzes the
dephosphorylation of CaMKII in vitro. Significantly, CaMKII
interacts with PP2A as uncovered by immunoprecipitation and
pulldown assays, indicating that PP2A and CaMKII form a sta-
ble protein complex. By ERG, we demonstrate that suppression
of CaMKII in vivo leads to increased PDA amplitude, most
likely by affecting phosphorylation and activity of Arr2. The
reduced CaMKII activity also renders photoreceptors to
become less light-adapted. To gain insights into the in vivo reg-
ulation of CaMKII by PP2A, we characterized the mts mutants
in which the PP2A activity is reduced (11, 42). Significantly, the
mts mutant displays reduced PDA amplitude, suggesting that
increased activity of Arr2 inactivates metarhodopsin, which
may be contributed by elevated CaMKII activity. Based on these
findings, we conclude that the activity of Arr2 appears indi-
rectly controlled by PP2A, which directly modulates CaMKIL
Collectively, our results lend a support for a critical role of
CaMKII in mediating the Ca>"-dependent negative regulation
of the visual response by phosphorylating Arr2 and possibly
other substrates. CaMKII may form a stable protein complex
with PP2A that allows timely fine-tuning of the CaMKII activity
in photoreceptors. A tight control of CaMKII is vital to achieve
temporal regulation of the CaMKII activity for coordinating the
negative regulation of the visual response.
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