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CHAPTERII

INTRODUCTION

Visual transduction

Living on Earth can be a challenge for most creatures, and therefore, organisms
endowed by evolution with advanced senses are best able to survive. To survive, an
organism needs to accomplish three goals: eat, mate, and protect itself from predators and
disease. In a world of light-dark cycles, the sense that provides the highest flux of
information to the brain in the most advanced organisms is vision. Light represents
energy in the form of electric and magnetic fields, which is converted to impulses in the
brain. There are different types of light, which are classified according to wavelength
(Figure 1). Humans are able to perceive light in wavelengths ranging from 400 nm (seen
as violet) to 700 nm (seen as red). Birds and insects can see ultraviolet (UV) light that
ranges from 200 nm to 400 nm, an advantage, since many seeds, fruits, flowers and even
bird’s plumage contrast with their background better in UV than visible light, improving
the chance of finding food and mating. In addition, there are reptiles that can see infrared
light, which helps them identify warm-blooded prey at night. The ability to see different
types of light relies on the existence of different photoreceptor cells. Photoreceptor cells
are highly specialized neurons that absorb a unit of light (a photon) and then, relay this
information to other neurons through neurotransmitters, which trigger a change in their
membrane potential. The process by which a light stimulus generates an electrical
response is called visual transduction or phototransduction. Visual transduction is
initiated by activation of light-sensing receptors, which are composed of seven

transmembrane proteins called opsins that are coupled to a derivative of vitamin A,
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Figure 1. Part of the electromagnetic spectrum. The human eye can perceive
light in the visible domain with wavelengths between 400-700 nm, and maximum
absorption at 510 nm, a wavelength that corresponds to the color green. Birds and insects
can see ultraviolet light (wavelength < 400 nm), whereas reptiles can see infrared light
(wavelength > 700 nm).



retinal, which is the light absorbing pigment molecule. Light leads to isomerization of the
retinal chromophore, which determines the conversion of the light-sensing receptor from
its inactive to its activated form. Activated receptors trigger a cascade of intracellular
signaling events, which eventually leads to generation of a nerve impulse that is

transmitted to the brain by the optic nerve.

Vertebrate visual signaling

The vertebrate retina contains three types of photoreceptor cells: rods, cones and
photosensitive retinal ganglion cells (pRGCs). Rods are responsible for night vision,
whereas cones are responsible for daylight vision and color perception. pRGCs represent
a small population (less than 3%) of neurons within the RGC layer of the retina that
detects the environmental brightness (irradiance) (1). Rhodopsin is the light-sensing
receptor in rods, photopsins are the light-sensing receptors in cones, and melanopsin (2)
has been recently shown to be the receptor that senses light in pRGCs (3).

In rods and cones, light triggers the activation of rhodopsin or photopsin, from its
inactive to its activated form, which in turn activates a heterotrimeric G-protein,
transducin (G¢) (Figure 2A). The GTP-bound form of the o subunit of G; stimulates a
cGMP-phosphodiesterase that hydrolyzes cGMP to GMP, which leads to closure of
cGMP-gated Na* and Ca®" channels in the plasma membrane (4). Because these cations
can no longer enter, the net result is hyperpolarization of photoreceptors in response to
light (Figure 2A).

It has been recently shown that, unlike the visual signaling cascade of rods and

cones, pPRGCs utilize a pathway that is closely related to the invertebrate visual signaling
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cascade. Activation of vertebrate melanopsin by light appears to trigger a Drosophila-like
signaling cascade, involving Gq, phospholipase C and protein kinase C (5) (see below),

which leads to depolarization of the photoreceptor cell (6-8).

Drosophila visual signaling
Drosophila visual signaling is a G-protein coupled signaling pathway initiated by
activated rhodopsin, metarhodopsin, which activates a heterotrimeric Gq protein.
Specifically, Gq,, stimulates a phospholipase C 3 (PLCpB) encoded by the fly no-receptor-
potential A (norpA) locus (9) (Figure 2B). NORPA hydrolyzes phophatidylinositol-4, 5-
bisphosphate (PIP,) to generate inositol 1, 4, 5-trisphosphate (IP3) and 1, 2-diacylglycerol
(DAG) leading to opening of the transient receptor potential (TRP) and TRP-like (TRPL)

cation channels, which results in depolarization of the photoreceptor cell (10).

Why Drosophila?
Drosophila melanogaster (Figure 3A) is a small organism that is ecasily reared in the
laboratory, and has a short life cycle of about two weeks. Drosophila has proven to be an
attractive system for understanding the rules of genetic inheritance as well as the
molecular mechanisms underlying various processes, such as circadian rhythm and
development. Forward genetic analysis using ethyl methane sulfonate-induced mutations
has been used classically for identification of various mutants based on their defective
phenotypes (11). Furthermore, since the Drosophila genome is small (less than a tenth of
that of humans and mice), and has been entirely sequenced, mutant genes can now be

readily identified. P-element-mediated germline transformation is a tool unique to Droso-



Figure 2. Molecular basis of visual signaling. (A) Vertebrate rods and cones
hyperpolarize in response to light due to the closure of cGMP-gated cation channels. (B)
Vertebrate pRGCs utilize a Drosophila-like visual signaling pathway. Shown is a cartoon
depicting Drosophila visual signaling, in which light triggers sequential cellular events
that lead to opening of TRP and TRPL cation channels, and subsequently, depolarization
of the photoreceptor cell. See text for details.



phila that is used for incorporating genes of interest in the genome to generate transgenic
flies (12). Transgenic flies can be used to characterize the function of a gene product in
its native environment, using cellular, biochemical and electrophysiological analyses.
Studies performed in flies have provided useful information for understanding the
structure and development of the visual system. Moreover, the pathogenesis of retinitis
pigmentosa, a hereditary human disease characterized by degeneration of photoreceptor
cells in the retina, has been better understood following studies performed in flies. The
first genetic defect associated with human recessive retinitis pigmentosa was discovered
to be similar to a mutation in the Drosophila rhodopsin gene: this mutation results in
premature termination of the opsin protein at the third cytoplasmic loop, and causes
recessive retinal degeneration in flies (12).

Drosophila was also the first organism in which a TRP channel was discovered.
trp flies showed behavioral deficits at high levels of ambient light (13). Further molecular
and electrophysiological analyses revealed that Drosophila TRP is a Ca*" channel
essential for fly vision. Many vertebrate and invertebrate TRP channels have been
identified, and they constitute the TRP channel superfamily. Some vertebrate TRPs
mediate responses to nerve growth factor, pheromones, temperature, mechanical stimuli,
osmolarity, vasodilators, and metabolic stress (14). In addition, pathophysiological
conditions appear to involve TRP channels. Among these are hypomagnesemia and
hypocalcemia that result from a defective TRPM6 channel, autosomal dominant
polycystic kidney disease caused by mutations in TRPP2 or TRPP1, and mucolipidosis
caused by mutations in TRPML1 (15). All of these TRP proteins have related

counterparts in Drosophila. Because basic cellular mechanisms and proteins are



conserved across species, understanding the regulation of these TRP channels in
Drosophila can give us insight into similar regulation mechanisms present in humans.
Recently, another type of photoreceptor cell has been discovered in human (3).
This class of photoreceptor cell, pRGC, is localized within the RGC layer of the retina,
and detects the environmental brightness (irradiance) (5). Interestingly, pRGC utilizes a
signaling pathway similar to that of Drosophila visual signaling, in which light leads to
depolarization of the photoreceptor cell, and not to the hyperpolarization seen in
vertebrate rods and cones. The signaling pathway in pRGCs includes Gq, PLC and PKC;
however, the details concerning phototransduction mechanism in pRGCs remain elusive.
Therefore, elucidating Drosophila visual signaling can provide a better understanding of

visual signaling in pRGCs.

The visual system of Drosophila

Drosophila, as with any dipteran insect, has compound eyes, each of which
contains approximately 800 unit eyes or ommatidia (Figure 3B) (10). Each ommatidium
is composed of eight photoreceptor neurons (RI-R8) and 12 accessory -cells.
Photoreceptor neurons have a particular spatial distribution within each ommatidium,
with R1-R6 occupying the peripheral region (outer photoreceptors), and R7-R8 residing
in the central region of the ommatidium (central photoreceptors) (Figure 3C). Each
photoreceptor cell possesses specialized organelles called rhabdomeres. A rhabdomere
contains approximately 60,000 microvilli, which are important for maximizing light
absorption (Figure 3D). The rhabdomere of a photoreceptor neuron is important for

visual transduction because it contains the proteins involved in visual signaling.



Major components of Drosophila visual signaling

Rhodopsin

The sensitivity of the photoreceptor cell to light of a particular wavelength is determined
by the type of rhodopsin it contains. Rhodopsin is a G-protein coupled receptor (GPCR)
which consists of a seven-transmembrane protein called opsin that is covalently attached
at its seventh transmembrane helix to the vitamin A derivative called retinal, or 3-
hydroxy-retinal. Light triggers the 11-cis to all-trans photoisomerization of retinal,
resulting in conversion of rhodopsin to its activated form, metarhodopsin. In Drosophila,
there are six types of rhodopsin with distinctive spectral sensitivities. Rhodopsin 1 is the
major rhodopsin in the retina, present in the six outer photoreceptor neurons, R1-R6,
which are sensitive to blue light (16). Rhodopsin 2 is present in the ocelli, which are
visual organs located on the top of the head, important for visual guidance of the fly.
Rhodopsin 3 is expressed in R7 and R8, conferring sensitivity to UV-light, whereas
rhodopsin 4 is another UV-sensitive rhodopsin present in R7 neurons. Rhodopsins 5 and
6 are present within RS, conferring sensitivity of these neurons to blue or green light,
respectively. There are three possible combinations of R7/R8 in the retina that permit
different spectral sensitivities (17). 70% of total R7/R8 combinations is composed of
rhodopsin 4 in R7 / rhodopsin 6 in RS, whereas 30% consists of rhodopsin 3 in R7 /
rhodopsin 5 in R8 (10). These two combinations allow color discrimination over a broad
range of light wavelengths. Another combination (rhodopsin 3 in R7/ rhodopsin 3 in RS),
present in a row of ommatidia in the most dorsal part of the eye (the dorsal rim area),

detects polarized eye and is thus important for the navigation of the fly (17).



Rhabdomere

microvilli

Figure 3. The compound eye of Drosophila. (A) Drosophila melanogaster,
lateral view (image from http://en.wikipedia.org/wiki/Drosophila_melanogaster). (B)
Scanning electron micrograph of the compound eye. (C) The adult ommatidia. CO,
corneal lens cells; psC, pseudocone; PC, pigment cells; CC, cone cells; R, photoreceptor
cell. Transverse section of proximal (lower) and distal (upper) regions of the ommatidia
are shown on the right. Adapted from Montell, 1999. (D) The photoreceptive membrane
of a photoreceptor cell. Sections through a rhabdomere are shown in both the upper panel
and the bottom elecron micrograph. Each rhabdomere contains approximately 60,000
microvilli. SMC, submicrovillar cisternae, are presumed to be smooth endoplasmic
reticulum Ca®" stores. Adapted from Hardie and Raghu, 2001.



http://en.wikipedia.org/wiki/Drosophila_melanogaster

As with all GPCRs, the opsin of the major rhodopsin (rthodopsin 1) translocates to
the rough endoplasmic reticulum (ER), following synthesis on membrane bound
ribosomes, where it undergoes proper folding and assembly. Two proteins, NINAA and
calnexin, are essential for the posttranslational processing of opsin. NINAA is a
cyclophilin homolog (18) that is important for the export of opsin from the ER, since
mutations in ninaA lead to a dramatic retention of opsin in the ER cisternae (19). In
addition, calnexin is also critical for biosynthesis of opsin, as mutations in calnexin result
in defects in opsin maturation, and age-dependent retinal degeneration (20).

The newly synthesized opsin incorporates the chromophore retinal (21), and the
resulted rhodopsin molecules are transported through the secretory pathway to the

microvilli of rhabdomeres (Figure 3D), where phototransduction takes place.

Gq

In the fly eye, light triggers the conversion of rhodopsin to metarhodopsin, which
in turn, stimulates the heterotrimeric Gq protein. Following GDP-GTP exchange, GTP-
bound Gay is released from GPy and transmits the activation signal to PLCP (NORPA).
Gayq acts as a shuttle between metarhodopsin and NORPA that is associated with the
INAD signaling complex (22). The essential role of Gag in phototransduction was
revealed in flies lacking Gog, which exhibited a severe loss of light responsiveness (23).
Go, has been shown to undergo light-dependent translocation from rhabdomeres to the
photoreceptor cell body (24). This process appears to be an efficient way of controlling
the number of Gaq molecules available for signaling, and thus may play a role in light-

adaptation (24).
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Goy 1s two-fold less abundant than G in photoreceptor cells, and the excess of
Gp has been shown to be important for preventing spontaneous activity of photoreceptor
cells in the dark: mutant flies with lower levels of G} displayed a dramatic increase in

spontaneous activity of photoreceptor cells in the absence of light (25).

NORPA

NORPA is a PLCP essential for Drosophila visual signaling (9). At its N-
terminus, NORPA contains a membrane/phospholipid-binding pleckstrin homology (PH)
domain and an EF-hand calcium-binding domain. These domains are followed by the
catalytic domain (X and Y), which is responsible for the PLC activity. At its C-terminus,
NORPA has a C2 domain which is involved in Ca*" binding, and a Gq-binding domain
important for its interaction with Gq. In addition, NORPA contains a PDZ-interacting
domain at its C-terminus, important for its interaction with the scaffolding protein
inactivation-no-afterpotential D (INAD).

As mentioned above, activated NORPA catalyzes the hydrolysis of PIP, to
generate IP; and DAG, which leads to opening of the TRP and TRPL cation channels,
and subsequent depolarization of the photoreceptor cell (26, 27). The key second
messenger that activates the TRP channel is generated upon NORPA stimulation, and is
thought to be either DAG or its lipid metabolites (28, 29), whereas IP3 does not appear to
play a role in TRP activation (10, 30). DAG may have a dual function, since it also
activates the eye-specific conventional PKC (eye-PKC) that is vital for deactivation of

the light response (31, 32).
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NORPA shares greatest sequence identity (49%) with mammalian PLCB4. PLCP4
is expressed in mammalian retina, cerebellum and brain regions that are involved in the
visual pathway, including the lateral geniculate nucleus and superior colliculus (33).
Mice lacking PLCB4 have impaired visual processing abilities, as revealed by behavior
tests, and display abnormal electroretinogram recordings. However, isolated rod cell
recordings show no apparent defect in rod signaling pathway, suggesting that PLC34 is
important for visual signaling processing, and not for the initial step of phototransduction
(33). Whether PLCB4 is expressed in pRGCs of retina for detecting the environmental

brightness remains to be determined by future studies.

The TRP Ca*" channel

The Drosophila TRP Ca*" channel plays a crucial role in the visual signaling
pathway. Originally, the name transient receptor potential (trp) described a mutant that
was unable to maintain a prolonged electrophysiological response to a sustained light
stimulus (13). This phenotype could be mimicked by the application of a non-specific
Ca®" blocker, La®* (13). The trp gene was cloned and shown to encode an integral
membrane protein (34-36). TRP is believed to be a homotetramer with each subunit
composed of six transmembrane domains, and a loop region between the fifth and sixth
transmembrane domains that forms the channel pore (Figure 4A) (37). At its N-terminus
there are three or four ankyrin repeats, each consisting of a 33 amino acid residue motif.
Ankyrin repeats may mediate binding of membrane proteins to the cytoskeleton and may
also play a role in the channel subunit interactions. There are several sequences motifs at

the C-terminus of TRP that may be critical for its regulation (Figure 4A). Immediately
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downstream of the sixth transmembrane domain, there is a stretch of 25 amino acids
referred to as the TRP domain, which contains six highly conserved amino acids
(EWKFAR) called the TRP box (Figure 4A). The TRP box has been suggested to be
important for PIP, binding (38). TRP also contains a putative calmodulin binding domain
between residues 682 and 977 (34, 39). Downstream of the calmodulin binding motif,
there is a PEST region (Figure 4A) that is thought to be important for degradation of TRP
by the Ca®'-dependent protease calpain (38); however, the exact role of the PEST
sequence in TRP is not known because TRP has a very slow turnover rate in vivo (40).
Near the PEST region there is a Pro-rich region containing 27 Lys-Pro repeats that may
influence the conformation of the pore domain (41). Another stretch of eight amino acids
(DKDKKPG/AD) in the C-terminus, which repeats nine times, is likely to mediate
protein-protein interactions (38). The extreme C-terminus of TRP contains a PDZ-
binding domain that is involved in its interaction with INAD (42). In Drosophila, the
TRP Ca®" channel is critical for fly vision and is responsible for more than 90% of
photoreceptor depolarization. TRP is 10-fold more abundant than TRPL channels in
photoreceptor cells, and does not undergo light-dependent translocation as does TRPL
(43). The light-dependent translocation of TRPL from rhabdomeres to the cell body is
important for light adaptation (44). How light leads to activation of TRP 1is not
completely understood. Originally, TRP was thought to be a store-operated channel
(SOC), opened by the depletion of intracellular Ca*" stores, via activation of the IP;
receptor. However, null mutations in the sole IP3 receptor gene of Drosophila have no
effect on visual signaling (30). Recent reports propose that DAG or other lipid mediators,

polyunsaturated fatty acids (PUFAs) may gate the TRP channel in Drosophila.
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Figure 4. Drosophila TRP Ca?* channel is the founding member of the TRP channel
superfamily. (A) Schematic diagrams showing Drosophila TRP with distribution of its
domains (top, see description in text). TRP consists of six transmembrane domains (S1-
6), with intracellular N- and C-terminal sequences. Between the fifth and sixth
transmembrane domains a loop region contributes to formation of the pore of the channel
(bottom). It is thought that the Drosophila TRP channel is a homotetramer, similar to the
voltage-gated K channel. TRP d., TRP domain; CaM b.d., calmodulin binding domain;
Pr, Pro rich region; PDZ b.d., PDZ binding domain. (B) Table showing the number of
TRP channels found in various species. In humans, more than 25 TRP channels have
been discovered to date (from Montell, 2005). (C) Phylogenetic tree of TRP channels.
Drosophila TRP is a member of the TRPC family, closely related to TRPC1, 4 and 5
(adapted from Montell, 2005).
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Supporting evidence includes the observation that elevated DAG concentrations lead to
constitutive activation of TRP in rdgA flies that lack DAG kinase (28). In addition, direct
application of PUFAs reversibly activates the TRP channel in Drosophila (29). The
identity of the secondary messenger that gates the TRP channel remains under further

investigation.

INAD

Although the mechanism of TRP opening is not completely understood, TRP is
known to associate with INAD, a scaffolding protein that tethers several components
necessary for the Drosophila visual signaling. It is well established that three proteins,
including NORPA, the TRP channel and an eye-specific isoform of protein kinase C
(eye-PKC), are constitutively anchored to INAD. INAD imposes appropriate localization
of these proteins within the microvilli of rhabdomeres, where visual signaling takes place,
thereby assuring the accuracy and speed of phototransduction. INAD mediates these
protein-protein interactions through its five PDZ domains. A PDZ domain is a protein-
protein interaction domain that is composed of around 90 amino acids with a conserved
Gly-Leu-Gly-Phe motif. This motif typically binds to three or four C-terminal residues of
a target protein. NORPA interacts with INAD via PDZ 1 (120), PDZ 3, 4, 5 (45), and
PDZ 5 (120), whereas TRP binds to INAD via PDZ 3 (42) and PDZ 4 (135). Eye-PKC
interacts with PDZ 2 in INAD (54, 136).

Tsunoda et al. (46) demonstrated that INAD is responsible for the protein stability
of NORPA, eye-PKC and TRP: in inaD" flies lacking INAD, the levels of these proteins

are reduced drastically. Interestingly, eye-PKC and NORPA require INAD for their
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correct targeting to rhabdomeres (40), whereas TRP requires INAD not for targeting, but

P13 a mutant fly in which INAD does not

for its retention within rhabdomeres. In InaD
interact with TRP (42), TRP undergoes mislocalization and degradation over time (42,
47). In addition to protein stability, INAD also confers proper subcellular localization of
eye-PKC, NORPA and TRP (40). Co-localization of these signaling proteins assures
rapid activation and deactivation. It has been proposed that INAD complexes are
connected to each other via PDZ-PDZ interactions (PDZ 3 or PDZ 4) (48), and also that
NORPA within these complexes may form homodimers through its C-terminal domain
(49). These data suggest the existence of a ‘signalplex’, a higher order signaling network
that assures the stoichiometry, speed and specificity of visual signaling (48). INAD has
also been reported to bind rhodopsin, calmodulin, TRPL and a nonconventional myosin,
neither-inactivation-no-afterpotential C (NINAC) (39, 48, 50).

A human INAD homologue (hINADL) and two N-terminally truncated isoforms
(hINADLAgs3 and hINADLAas304) have been cloned and reported to be expressed in the
cerebellum (51), yet their retinal expression has not been investigated. The exploration of

human INAD expression within RGCs will be of interest, since these vertebrate

photoreceptor cells utilize a Drosophila-like visual signaling pathway.

Eye-PKC
Once the light stimulus ceases, deactivation of the visual response, and hence
inactivation of TRP and TRPL channels, occurs in less than 20 ms (52). Drosophila eye-

PKC is a conventional PKC isoform that is expressed only in the eye. Eye-PKC is critical
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for deactivation of visual response as flies lacking eye-PKC (inaC"") exhibit abnormal
termination of the light response and defects in light adaptation (53).

By immunofluorescence, eye-PKC has been shown to co-localize with INAD and
TRP in rhabdomeres (46, 47, 53). Using yeast two-hybrid and ligand overlay assays,
Adamski et al. (1998) demonstrated that eye-PKC interacts with the second PDZ domain
of INAD (54). The in vivo function of eye-PKC depends upon its interaction with INAD,
since flies lacking the PDZ-binding motif exhibit prolonged inactivation of the light
response, similar to that of inaC™” flies, which lack eye-PKC (54). To unveil the
molecular details responsible for this abnormal phenotype, investigators started to look
for substrates of eye-PKC within the INAD complex. Indeed, eye-PKC was shown to
phosphorylate both TRP and INAD in Drosophila and Calliphora (55-57). INAD has
been suggested to act as an adaptor protein for eye-PKC in a manner similar to the

receptor for activated C kinase (RACK) (55).

Regulation of Drosophila visual transduction

Light initiates a cascade of intracellular events within the Drosophila eye that
results in opening of TRP and TRPL channels, which results in an increase of Ca*"
concentration to about 1 mM in rhabdomeres (58). Subsequently, this massive increase in
Ca®" concentration leads to depolarization of the photoreceptor cell. It is well known that
prolonged elevation of intracellular Ca® concentrations can lead to cell death. Therefore,
levels of intracellular Ca*" are regulated tightly within the photoreceptor cell, not only to
maintain cellular homeostasis, but also to fine-tune signal transduction for which

temporal resolution is critical. Ca®" is removed from rhabdomeres via the Na™ / Ca*"
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exchanger or the diffusion to the cell body. Within the cell body of the photoreceptor cell,
Ca®" is removed from the cytosol by either a Ca*-ATP-ase that helps sequestrating Ca*"
into the ER, or by Ca’"-binding proteins. It has been shown recently that calnexin, in
addition to its role in rhodopsin maturation, is a Ca*"-binding protein that has a critical
role in regulation of the Ca’" concentration inside the photoreceptor cell (20). Calnexin is
a transmembrane protein whose N-terminus resides within the ER lumen, whereas its C-
terminus is localized in the cytosol. Calnexin contains two Ca*'-binding sites. One of
these Ca*'-binding sites is localized within the cytosolic C-terminus, and is thought to
prevent Ca®" toxicity and support photoreceptor cell survival (20) by buffering the high
concentrations of intracellular Ca*".

It has been shown previously that constitutive activation of TRP leads to retinal
degeneration (59), possibly through a mechanism similar to that of neurodegenerative
excitotoxicity (60). Thus, termination of the light response by shutting down TRP is vital
not only for temporal resolution of the visual response but also for avoiding Ca*" toxicity
from uncontrolled TRP activity. How the visual response is terminated is still under
investigation; however, it is likely that it involves multiple mechanisms. Various cellular
events appear to contribute to the inactivation of visual signaling, including increased
intracellular Ca** concentrations, the GTP-ase activity of NORPA, and phosphorylation

of key protein players.

ca®
Ca®" plays a crucial role in deactivation of the visual signaling (32, 61-63).

Studies on isolated Drosophila photoreceptor cells, using fluorescent Ca*-dyes and
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“caged” Ca’" have shown that deactivation of the light response depends on the
concentration of extracellular Ca®" (64). Following light stimulation, Ca®" enters the
photoreceptor cell primarily via the TRP channel, and generates localized intracellular
Ca’" transients that are about 1 mM (65). These Ca”" transients are spatially restricted to
rhabdomeres, where the transduction machinery resides. The organization in INAD
complexes assures the high temporal resolution of phototransduction. However, how Ca**
mediates the deactivation of the light response is not known. Rapid termination of the
visual response may require Ca*" to act on multiple target proteins via Ca*’-dependent

enzymes such as Ca*/calmodulin-dependent protein kinase (CaMK) or/and eye-PKC.

The GTP-ase activity of NORPA

Cook et al. (2000) investigated norpA mutants expressing low levels of PLCp,
and proposed that NORPA accelerates the rate of GTP hydrolysis in Gqa (66). Thus,
NORPA is suggested to have a dual role, as both an effector and a negative regulator of
visual signaling. The mechanism of Gqa inactivation directed by the activation of
NORPA by Gqa itself, may assure that Gqa-GTP remains in its activated state until it
encounters a NORPA molecule, and that only that particular NORPA molecule will be

activated, thereby contributing to maintenance of the stoichiometry of the cascade (66).

Phosphorylation of key protein players
Phosphorylation is one of the most common post-translational modifications that
regulate signal transduction. One obvious advantage of phosphorylation is the

reversibility of the reaction, which permits dynamic regulation of a protein’s activity.
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This is accomplished by the complementary actions of kinases and phosphatases. In
Drosophila, several proteins involved in phototransduction have been shown to undergo

phosphorylation, such as rhodopsin, arrestins, INAD, and TRP.

Rhodopsin and Arrestins

It is well established that activated rhodopsin is phosphorylated at serine and
threonine residues in a light-dependent manner by rhodopsin kinase (67). A recent study
reported that G-protein coupled receptor kinase 1 is the thodopsin kinase responsible for
phosphorylation of the C-terminal sequence of rhodopsin (68). Phosphorylated
rhodopsin interacts with arrestin (Arr), which quenches the activity of activated
rhodopsin by impeding the direct coupling of rhodopsin and the G-protein (69). In
Drosophila photoreceptors, there are two arrestins: Arrl and Arr2 (also known as
phosrestin 1). Arrl (39 kDa) has a shorter C-terminus, and is seven-fold less abundant
than Arr2, whereas Arr2 (49 kDa) has a long C-terminus, and is the most abundant Arr
isoform in the fly eye (70). It appears that each Arr has a well-defined function inside the
cell. Arrl binds phosphorylated rhodopsin and mediates the light-induced endocytosis of
phosphorylated rhodopsin, thereby attenuating the amplitude of the light response (70). In
contrast, Arr2 binds to both unphosphorylated and phosphorylated activated rhodopsin
molecules, and quenches their signaling. The fact that Arr2 can also bind to the
unphosphorylated rhodopsin explains why transgenic flies expressing a modified
rhodopsin that lacks phosphorylation sites at its C-terminus displayed an unaltered
response to light (69). Further work is needed to clarify the mechanistic bases for the two

distinct functions of arrestins.
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Drosophila arrestins also undergo light-dependent phosphorylation. The first
indication of phosphorylation was the observation that these proteins together with an 80
kDa protein, exhibited an anode-shifted migration in two-dimensional gel electrophoresis
when isolated from light-treated flies (67). Interestingly, phosphorylation of the 80 kDa
protein and Arr2 were rapidly reversible in the dark (within 5 minutes for the 80 kDa
protein and 1 hour for Arr2) (67). Arr2 is known to be phosphorylated at Ser’®® (71) by
CaMK II (72). However, a modified Arr2 lacking this phosphorylation site is still able to
bind rhodopsin, but it is incapable of releasing from the photoreceptor cell membrane
once rhodopsin has been converted back to its inactive form (73), indicating that
phosphorylation regulates the release of Arr2 from membranes. Flies expressing the
modified Arr2 lacking the phosphorylation site at Ser’*® displayed light-dependent retinal

degeneration (73).

INAD and TRP

As mentioned above, an 80 kDa protein has been known to undergo light-
dependent phosphorylation (67). However, it was 15 years later when the 80 kDa protein
was identified to be the inaD gene product, following analysis of tryptic mass fingerprints
obtained by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) and
Edman degradation (74). Based on the MALDI-TOF spectrum, the phosphorylated amino
acids of INAD were tentatively assigned. Investigators have suggested that INAD may be
the target of multiple kinases, since the putatively assigned phosphorylation sites

included Ser, Thr and Tyr residues (74).
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Evidences supporting eye-PKC phosphorylation of INAD and TRP come from the
results of immunocomplex kinase assays (55). Experimentally, the INAD complex was
immunoprecipitated from head extracts of wild-type or mutant flies lacking specific
components of the visual signaling pathway, and subjected to in vitro kinase assay. The
phosphorylation of both INAD and TRP was found to be dependent on co-purification of
eye-PKC, since phosphorylation of INAD and TRP was not detected in INAD complexes
from flies lacking eye-PKC. The same results were reported in Calliphora, in which the
phosphorylation studies were employed using either intact photoreceptor cells followed
by isolation of INAD or TRP by immunoprecipitation, or followed by immunocomplex

kinase assays (56, 75).
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Diversity of TRP channel regulation by phosphorylation

As mentioned before, TRP channels are expressed in many excitable and non-
excitable cells, and can be subdivided into seven subfamilies (TRPC, TRPV, TRPM,
TRPN, TRPA, TRPP, and TRPML) based on amino acid sequence homology (Figures
4B and C) (37).

The members of the “canonical” or “classical” TRPC subfamily are nonselective
cation channels that are activated through PLC-coupled signaling pathways. For instance,
TRPC1, TRPC2, TRPC4 and TRPCS5 channels are SOCs that are activated by the release
of Ca® from internal stores, whereas TRPC6 and TRPC7 are activated by DAG (76).

The TRPV subfamily comprises channels that are activated by wvanilloid
compounds such as capsaicin, which is found in hot chili pepper, heat and hypotonic
changes. Moreover, TRPVS and TRPV6 channels are important for vitamin D-stimulated
Ca”" uptake in the kidney and small intestine. However, how these two channels are
activated is not known (76).

The TRPM subfamily derives its name from the founding member, melastatin
(TRPM1), a potent tumor suppressor. Three members of this subfamily, TRPM2, TRPM6
and TRPM?7, are unique among known ion channels because their C-terminal sequences
contain protein kinase domains (37). The functional role of these protein kinase domains
remains elusive. However, there is evidence that the protein kinase domain of TRPM7
mediates the effect of adenosine 3',5'-monophosphate (cAMP) by increasing channel-
dependent current (76). TRPMS is activated by cold and menthol.

The TRPN subfamily includes channels that are mechanically gated, whereas the

TRPA subfamily contains ion channels that are either thermo- or mechano-sensitive. The
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activation mechanism of TRPP and TRPML channels is not known, however, it is
believed that TRPML may play a role in endosomal acidification and hearing, whereas
TRPP may be involved in ovarian follicle maturation and differentiation (37).

Drosophila TRP shares the closest homology to the TRPC subfamily (14). There
are five characteristics that TRPC channels have in common with Drosophila TRP
including: 1) the predicted topology of six transmembrane domains with the typical pore
region lying between the fifth and sixth domains, similar to that of the voltage-gated K"
channel, 2) the absence of charged residues in the fourth transmembrane domain that
usually represent the voltage sensor of voltage-gated channels, 3) the presence of three to
four ankyrin repeats in the N-terminus, 4) the presence of a proline-rich sequence in the
C-terminus for potentially regulating the conformation of the channel pore (41), and 5) a
highly conserved TRP domain. The TRP domain consists of 25 amino acids, and contains
within it the TRP box, Glu-Trp-Lys-Phe-Ala-Arg. The TRP domain has been shown to be
important for PIP, binding and gating of TRPMS8 and TRPVS5 channels (37). In addition,
the TRP domain has been reported to interact with regulatory proteins referred to as
immunophilins. For example, FKBP12 binds to Drosophila TRP, TRPC3, TRPC6 and
TRPC7. Immunophilin FKB59 binds to TRPL, whereas FKBP52 binds to TRPCI,
TRPC4 and TRPCS5 (77). The functional relevance of TRP-immunophilin interactions
remains unknown (77). In contrast, the scaffolding protein Homer has also been reported
to bind the TRP domain of the TRPC1 channel. Homer is known to mediate the
interaction between IP;R and TRPC1, which is vital for TRPC1 gating (78).

Mammalian TRP channels have been shown to be regulated by phosphorylation

(Table 1). For example, PKC-dependent phosphorylation of TRPC1 has been reported to
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activate the channel (79), but the phosphorylation site has not been identified. Moreover,
PKC has been also shown to activate TRPM4 (80) and TRPV1 (81, 82), but the
molecular details are still obscure. In contrast, phosphorylation of heterologously
expressed TRPC3 at Ser’'? by PKC inhibited channel activity in HEK 293 cells (83).

712
Ser

is located just downstream of the TRP domain, however, how phosphorylation
affects the activity of TRPC3 remains unknown (84). Phosphorylation of TRPCS at
Thr’”* by PKC has been suggested to contribute to desensitization of the channel, because

PKC inhibitors or substitution of Thr’’?

to Ala, prevented desensitization of TRPCS in
HEK 293 cells (85). Thr'”* of TRPCS5 is present within the PDZ-interacting domain of
TRPCS, and phosphorylation at this site may affect this protein-protein interaction and,
consequently, the localization of the channel within the cell (85). Phosphorylation of the
TRPC6A isoform at Ser’®® and the TRPC6B isoform at Ser’* by PKC inactivates these
channels (86). In addition, PKC has been proposed to inactivate TRPC4 (87), TRPC7
(88) and TRPMS (89). Interestingly, TRP channels are subject to phosphorylation by
other protein kinases including PKA, PKG, CaMK II and tyrosine kinases (see Table 1),
which generally leads to activation of these channels. For example, TRPC3 has also been
reported to be phosphorylated by PKG (90) and Src family tyrosine kinases (STKs) (91).
Phosphorylation of TRPC4 at Tyr” and Tyr’’* by a member of the STK family, Fyn, led
to activation of the channel (84). Moreover, tyrosine phosphorylation enhanced the
association between TRPC4 and the scaffolding protein NHERF (Na'/ H™ exchange
regulatory factor) that increases the membrane insertion of this channel and consequently,

its activity (84). In addition, STKs (Fyn) phosphorylate TRPC6 (92), TRPM7 (93) and

TRPV4 (by Lyn) (94), leading to activation of these channels. CaMKII phosphorylates
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and activates TRPC6 (88) and TRPV1 (95), whereas PKA phosphorylates and activates

TRPV1 (82, 96).

The role of macromolecular complexes in regulating PKC substrate specificity

Classical PKCs are serine/threonine protein kinases that transduce cellular signals
derived from lipid hydrolysis and Ca*". PKCs have been implicated in a multitude of
physiological and pathological processes such as vision (12), diabetic retinopathy (97),
learning and memory (98), stroke-induced damage (99), hypertension (100) and cancer
(101). At the molecular level, PKC contains a regulatory and a catalytic domain. The
regulatory domain consists of an autoinhibitory region, the pseudosubstrate, and two
subdomains, C1 and C2, that bind DAG and phorbol esters, and acidic phospholipids and
Ca®", respectively (102). To date 12 different PKC isozymes have been identified in
vertebrates. They are classified into three groups according to the structure of regulatory
domains that, consequently, determines sensitivity to different cofactors. Conventional
PKCs (o, BI, Pl and y) respond to both Ca** and DAG, whereas novel PKCs
(0, &,m/L and 0) respond only to DAG. In contrast, atypical PKCs (C and vA ) are
insensitive to both Ca*" and DAG (101).

The subcellular localization of PKC is important for its substrate specificity. The
protein substrate that PKC interacts with is called substrate that interacts with C-kinase
(101). Sometimes, PKC targets its substrates via a scaffold or adaptor protein. The
adaptor protein may act either as a receptor for inactivated C-kinase (RICK) or a receptor
for activated C-kinase (RACK) (101). Although there are many studies addressing

phosphorylation of various ion channels by PKC (see Table 2), there have been only a
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Table 1. TRP channels known to undergo phosphorylation.

Channel Kinase Functional effect Phosphorylation site(s) References
TRPC1 PKC activation ? (55)
TRPC3 PKC inactivation Ser’'? (56)

PKG inactivation Thr'!, Ser*® (57)

Src activation Tyr’? (86, 93)
TRPC4 PKC inactivation ? (79)
Fyn activation Tyr’>, Tyr””? (76)

TRPC5 PKC inactivation Thr’”? (77, 79)
TRPC6 Fyn activation ? (87)
PKC inactivation Ser’®® (TRPC6A), Ser’(TRPC6B) (78)
CaMK II activation ? (80)
PKA ? ? (91)
PKG 2 ? (91)

TRPC7 PKC inactivation ? (80)
TRPM4 PKC activation ? (82)
TRPM7 Src activation ? (88)
TRPMS8 PKC inactivation ? (81)
TRPV1 PKA activation Ser''®, Thr’” (84, 92)

PKC activation ? (83, 84)
CaMKII activation ? (90)
TRPV4 Lyn activation Tyr”>? (89)
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few studies exploring the involvement of the adaptor proteins in achieving the rapid
regulation of ion channels by PKC. For instance, Hoshi et al. (2003) reported that the
action of PKC on KCNQ is regulated by scaffolding protein A-kinase anchoring protein
150, which binds both PKC and KCNQ, and supports PKC-mediated inhibition of the
channel (103, 104).

In addition, the PKCC interacting protein known as ZIP, has been demonstrated to
interact with PKC( and the KvpB2 subunits of the K™ channel in the hippocampus and
Purkinje cells, to attain specificity of the PKC{-targeted phosphorylation of the K"
channel (105). Another member of the ZIP protein family, ZIP3, which is expressed in
the mammalian retina, has been found to form a complex between PKCC and the p3
subunit of the GABAc receptor, a ligand-gated CI" channel that is important for vision
(106). Croci et al. (2003) speculated that the long intracellular loop between
transmembrane regions 3 and 4 of the GABAc receptor may be the target of PKC
phosphorylation to mediate inhibition of the channel, since this region of the channel
contains PKC consensus phosphorylation sites (107).

In addition, CFTR is a CI" channel whose improper functioning is responsible for
the pathology of cystic fibrosis (108). CFTR is regulated by PKCe via two proteins,
RACKI1 and NHERF1. Liedtke et al. (2002) found that RACK1 interacts with PKCe and
NHERF1. NHERF1 also interacts with CFTR, and therefore, it is believed that RACK1
and NHERF1 serve as scaffold proteins to anchor PKCe in close proximity to the CFTR
channel (109).

PKCe has been demonstrated to bind to a PKC binding protein named enigma

homolog (ENH), which also interacts with voltage-gated N-type Ca*" channels in
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hippocampal neurons. The PKCe-ENH-calcium channel macromolecular complex
facilitates the action of PKCe on the channel (110).

The data presented above highlight the importance of macromolecular complexes
in attaining the specificity and efficiency of cellular signaling. In these complexes, PKC
is targeted to ion channels with the help of adaptor proteins, which promote close

proximity of PKC to its channel substrates.
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Table 2. PKC mediates the regulation of various ion channels.

Phosphorylation

lon Channel Function PKC-mediated effect site(s) References
Na* Channels
Cerebral - initiation and
voltage- gated | propagation of action Ser'%% of o-subunit
Na* channel potentials decreased amplitude (111, 112)
-synaptic plasticity
Na(v)1.9 -peripheral nociception activation ? (113)
Skeletal muscle -skeletal muscle
voltage-gated . inactivation ? (114)
Na* channel contraction
Calcium
Channels
- i ?
L tygfaﬁﬁglum -vasoconstriction activation (115, 116)
- ?
Cavl.1 skeletal muscle inactivation ' (117)
contraction
Cavl.2 -cardiac resp onse to activation Ser'??® (118)
hormonal regulation
K* Channels
) -maintaining the
TREK-1 membrane potential in . . 333
(KCNKZ2, inactivation Ser (119)
K2P2.1) neurons (background
) K" current)
- -synaptic plasticit
(:\(AClt\lygg) _ Iilegerl)tivepcontrol};ver inactivation Ser’*, Ser™"! (104, 103)
neuronal excitability
-maintaining the
membrane potential in
neurons
Kir3 r;ll‘;};z“ hormone inactivation (121, 122)
503
-vagal-mediated Ser™ (K(v) 3.16)
bradicardia
- electric remodeling
by cell volume ?
Ii(%/;f]r?(/;llj changes (e.g. cell inactivation (123)
swelling or
hypertrophy)
Other Channels
- 580
AMPAR ngﬁigféi‘stﬁfs"sym AMPAR trafficking Ser " (GIuR2) (124-126)
-cerebellar synaptic o Ser’®
GluR23 plasticity ? (127)
S* and S*° (NR1)
900 G929 ;g gH416
NMDAR - synaptic plasticity desensitization (N2A) (128-132)
- learning and memory S"3% and
SI3(NR2B)
660 Q686 Q700
CTRL -mucus and sweat activation Ser™, Serm, Ser™, (108)
Ser
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Summary

The above review regarding regulation of ion channels by PKC illustrates the
critical role of PKC-mediated phosphorylation in a large number of cellular events. PKC
is important to regulate visual signaling in Drosophila, a PLCB-coupled signaling
cascade in which the TRP Ca*" channel mediates the light-dependent depolarization of
photoreceptor cells. Drosophila visual signaling is of particular interest not only because
it is one of the fastest known G-protein coupled signaling pathways, but also because
working with Drosophila provides ease of handling and phenotype assessment, genetic
maneuverability, a database of existing mutants, and a sequenced genome. Uncovering
the details concerning the regulation of TRP by eye-PKC for insight into deactivation of
Drosophila visual response and light adaptation, will provide a better understanding of

the regulation of ion channels, particularly, TRPs, by PKC-dependent phosphorylation.

Specific Aims

The work presented here seeks to determine the molecular details of the regulation
of Drosophila visual signaling by eye-PKC. More specifically, I was interested in
investigating how PKC regulates the activity of the TRP Ca*" channel. Eye-PKC is
critical for modulating visual signaling, and has been shown to phosphorylate TRP in
vitro. The specific aims for my project were: 1) to identify the eye-PKC target region of
TRP by in vitro phosphorylation assays; 2) to map the in vivo eye-PKC phosphorylation
site(s) in TRP using mass spectrometry; and 3) to investigate how phosphorylation
modulates the function of TRP by generating transgenic flies lacking the phosphorylation

site(s), and assessing their visual phenotype.
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CHAPTER II

SCAFFOLDING PROTEIN INAD REGULATES DEACTIVATION OF VISION
BY PROMOTING PHOSPHORYLATION OF TRP BY EYE-PKC IN
DROSOPHILA
Introduction

Drosophila visual transduction is a G-protein-coupled signaling pathway that
provides a model system for understanding the molecular basis of signal transduction in
the vertebrate nervous systems. Drosophila visual signaling is initiated upon activation of
rhodopsin by light. Activated rhodopsin, via a Gq heterotrimeric protein, stimulates
phospholipase Cp (PLCP) named NORPA (9). NORPA hydrolyzes phosphatidylinositol-
4, 5-bisphosphate (PIP,) to inositol 1, 4, 5 trisphosphate (IP3) and 1, 2 diacylglycerol
(DAG), which leads to opening of the TRP Ca’" and TRP-like channels, and
depolarization of photoreceptors (26, 27). The key second messenger that activates the
TRP Ca”" channel is thought to be either DAG or its lipid metabolites (28, 29), whereas
IP; does not appear to play a role (10, 30). DAG may have a dual function, because it
also activates the eye-specific PKC (eye-PKC) essential for deactivation of the light
response (31, 32).

Drosophila visual signaling is one of the fastest G-protein-coupled transduction
cascades (65). The fast kinetics of vision is partly due to the formation of a
macromolecular complex containing TRP Ca®* channel (42, 135), NORPA (46, 54, 136)
and eye-PKC (46, 54, 136). This complex is organized by INAD (137), a scaffolding
protein with five PDZ domains. INAD regulates the subcellular localization and stability

of these three proteins. Flies lacking INAD exhibit a profound reduction of the light
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response (46).

To gain a better understanding of how the INAD complex modulates the kinetics
of vision, we and others have shown that the INAD-TRP interaction is required for
normal deactivation of the light response because a loss of the interaction leads to slow
deactivation in InaDP?* flies (137, 138), In addition, the INAD-eye-PKC interaction is
essential for the in vivo activity of eye-PKC as expression of modified eye-PKC that does
not interact with INAD, fails to rescue inaC™" flies lacking eye-PKC (54). Indeed, two
proteins in the complex, INAD and TRP, were found to be phosphorylated in vitro by
eye-PKC (56, 57).

Here we report the identification and functional characterization of an eye-PKC
phosphorylation site in TRP. We show that TRP is phosphorylated at Ser’** by eye-PKC
and this phosphorylation depends on INAD in vitro. By differential mass spectrometry

(MS), we confirm that Ser’*

of TRP is phosphorylated in vivo by eye-PKC. Moreover,
we demonstrate that transgenic flies lacking this phosphorylation site display a slow
deactivation phenotype similar to that of InaD"?°, Our results indicate that INAD is
critical for deactivation of visual signaling by positioning eye-PKC in close proximity to

TRP, in order to facilitate its phosphorylation at Ser’*.

Materials and Methods

Preparation of fly head extracts. Approximately 100 pl young wild-type, inaD' or

InaD"*" fly heads were homogenized with 1 ml of extraction buffer or EB (50 mM Tris-

HCI, pH 8.0, 150 mM NacCl, 1% Triton X-100 and a mixture of protease inhibitors). Head
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homogenates were incubated at 4 °C with constant agitation for 1 h. The mixture was
then centrifuged for 10 min (12,000 X g), and the supernatant was used for the in vitro
complex-dependent kinase assay. Protein concentrations were determined by BCA

(Pierce).

In vitro complex-dependent kinase assay. This assay consists of a GST pull-down
followed by an in vitro kinase assay. GST fusion proteins were immobilized to
glutathione-agarose beads and incubated with 500 pl fly head extract (total protein
concentration 3.5-5 pug/ml) for 1 h at 4°C. After incubation, GST fusion proteins and
associated proteins were recovered by centrifugation and washed three times with EB.
For the kinase assay, the GST fusion protein mixture was washed once with kinase
reaction buffer or RB (50 mM Tris-HCI, pH 8.0, 10 mM MgClL, 5 mM 2-
mercaptoethanol, 0.1 mM DTT, 0.4 mM EGTA, 0.7 mM CacCl,) and incubated at 30°C
with 50 pul RB containing phorbol myristate acetate (PMA, 1 uM), 3 uCi of carrier-free
[y-**P]-ATP in the presence of 100 uM cold ATP. 2X SDS/PAGE loading buffer was
added to terminate the kinase reactions. Samples were then subjected to SDS/PAGE (6%
or 10%) followed by Western blotting or Coomassie Blue staining. Dried and stained gels
were subject to autoradiography or Phosphorlmager analysis to quantify phosphorylation

of fusion proteins.

LC-MS analysis. LC-MS was performed by the Proteomics Laboratory in the Vanderbilt
Mass Spectrometry Research Center. About 14 pmoles of TRP were excised from

SDS/PAGE gels for in-gel digestion with either trypsin or chymotrypsin (152). The
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resulting peptides were separated by reverse phase high pressure liquid chromatography
that is coupled directly with automatic tandem MS (LC-MS) using a ThermoFinnigan
LTQ ion trap mass spectrometer equipped with a Thermo MicroAS autosampler and
Thermo Surveyor HPLC pump, Nanospray source, and Xcalibur 1.4 instrument control.
MS/MS scans were acquired using an isolation width of 2 m/z, an activation time of 30
ms, and activation Q of 0.250 and 30% normalized collision energy using 1 microscan
and ion time of 100 for each scan. The mass spectrometer was tuned prior to analysis
using the synthetic peptide TpepK (AVAGKAGAR). Typical tune parameters were as
follows: spray voltage of between 1.8 KV, a capillary temperature of 150°C, a capillary
voltage of 50V and tube lens 100V. Initial analysis was performed using data-dependent
scanning in which one full MS spectra, using a full mass range of 400-2000 amu, were
followed by 3 MS/MS spectra. Incorporated into the method was a data-dependent scan
for the neutral loss of phosphoric acid or phosphate (-98, -80), such that if these masses
were found, an MS/MS/MS of the neutral loss ion was performed. Peptides were
identified using a cluster compatible version SEQUEST algorithm (140), using a
Drosophila subset of proteins from the non-redundant database from NCBI or Uniref100.
Sequest searches are done on a high speed, multiprocessor Linux cluster in the Advanced
Computing Center for Research. In addition to using the SEQUEST algorithm to search
for phosphorylation on serines or threonines, the data were also analyzed using the Pmod
algorithm (162). All possible modified peptides were verified by manual inspection of the

spectra.
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P-element-mediated germ-line transformation. Wild-type and modified trp cDNA
were subcloned into a modified pCaSpeR 4 vector (133) that contains Drosophila hsp70
promoter without the hsp70 3’ trailer region. The P-element construct and a transposase
plasmid (“wings-clipped”) were injected into y [1] w[67¢c23] embryos (CBRC transgenic
Drosophila Core, Massachusetts General Hospital / Harvard Medical School). Flies with
the transgene integrated into the second or third chromosome were selected and made

homozygote in the trp™*' background for further analysis.

Electroretinogram recordings (ERG). ERG recordings were carried out using red-eye
young flies (1-3 days old) that were reared in a 12/12 hr light/dark cycle. The flies were
anesthetized by carbon dioxide and immobilized using non-drying modeling clay. Glass
electrodes were filled with physiological saline (0.7% NaCl). White light stimulation
(light intensity, 4.45 mW) was delivered by a fiber optic light source (Oriel) and
attenuated using absorptive nd filters (Newport, Irvine, CA). Signals were amplified by
means of a WPI Dam 50 differential amplifier (World Precision Instruments, Sarasota,
FL), displayed on an oscilloscope. Data were digitalized and analyzed using AxonScope

9.0 software (Axon Instruments, Sunnyvale, CA).

Statistical analysis. All bar graph data were analyzed with GraphPad Prism 4.0 software

(San Diego, CA) one-way analysis of variance. Data represent the means = S.E.M.,

unless otherwise noted, from several independent experiments.
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Results

The C- terminal tail of TRP contains PKC phosphorylation sites

To investigate the regulation of TRP by eye-PKC, we first identified potential
eye-PKC phosphorylation sites in TRP. TRP consists of six transmembrane domains with
both N- and C-termini localized intracellularly. @By  NetPhos 2.0

(http://www.cbs.dtu.dk/services/NetPhos/) and Prosite (http://www.expasy.ch/prosite/)

software using the PKC consensus sequence motif (S/T)-X-(R/K), we found 16 putative
phosphorylation sites in TRP with 14 present within the C-terminal sequence (Figure
5A). Since the C-terminal tail of TRP has been implicated in gating and regulation of the
channel, phosphorylation of this region may serve to switch on/off the channel activity.
To investigate whether any of the putative PKC sites are bona fide PKC phosphorylation
sites, we generated GST fusion proteins containing different intracellular regions of TRP
and subjected them to in vitro kinase assays. As positive and negative controls we used a
fusion protein containing full length INAD and GST alone, respectively. We first
determined whether a recombinant PKCa could phosphorylate these fusion proteins
because both PKCa and eye-PKC belong to the conventional PKC family. Indeed, we
found that TRP?**'*”> containing the last 370 residues of TRP including the six putative
PKC sites became phosphorylated by PKCo (Figure 5B), whereas TRP'>®7 which
contains two PKC sites did not (data not shown). Sequences spanning TRP®"*% failed to
produce stable fusion proteins in E. coli and therefore were not tested. The stoichiometry
of TRP**"?” phosphorylation by PKCo. was approximately 0.55 moles phosphate/moles

fusion protein.
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Figure 5. The C-terminal tail of TRP is phosphorylated by recombinant PKCa.

(A) Distribution of the 16 putative PKC phosphorylation sites in TRP. (B)
Phosphorylation of TRP?%127> and INAD by PKCa. Lane 1, no substrate; lane 2, GST;
lane 3, INAD; lane 4, TRP*1275 Asterisks indicate INAD degradation products. The

protein standards (kDa) are denoted on the left.
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These findings indicated that TRP?*'?" contains one PKC phosphorylation site.

Phosphorylation of TRP*®*2" py eye-PKC is dependent on INAD in vitro

Next we investigated if TRP?'?"

can be phosphorylated by eye-PKC. In
Drosophila photoreceptors, eye-PKC and TRP form a macromolecular complex by
tethering to INAD. To obtain eye-PKC, immobilized GST fusion proteins containing
TRP*'*” were incubated with wild-type fly head extracts in order to compete with
endogenous TRP for retrieval of the INAD complex, including eye-PKC. The resulting
complex was recovered by centrifugation and used for in vitro kinase assays. We found
that TRP***'*" pulled down INAD and eye-PKC, and became phosphorylated upon the
addition of a PKC activator, PMA, by this complex-dependent kinase assay (Figure 6A,

906-1275

lane 2). To demonstrate that the observed phosphorylation of TRP is dependent on

P25 inaD! is a loss-of-function

INAD, we used fly extracts prepared from inaD' and InaD
allele of inaD (46), whereas InaD™*'® expresses a modified protein resulting in a loss of
the TRP-INAD association (42). As shown in Figure 6A (lanes 3-6), both extracts failed

to support TRP?6-1273

phosphorylation by the complex-dependent kinase assay. In both
cases, phosphorylation was diminished because TRP**'?”* was unable to isolate INAD
and consequently, eye-PKC, from these two extracts (Figure 6A, middle and bottom).

To further support the role of INAD in directing eye-PKC to TRP, we

investigated phosphorylation of a modified TRP***'?7

containing an Asp substitution at
Val'?®, which has been previously shown to disrupt the interaction between TRP and

INAD (40, 42). We found that phosphorylation of TRP?*¢127% V126D waq oreatly reduced

(Figure 6B and C), because this modified TRP failed to recruit INAD and consequently,
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Figure 6. TRP is phosphorylated in vitro by eye-PKC in a complex-dependent
manner. (A) Phosphorylation of TRP***'?” using wild-type (wt), inaD* and InaD"*"” fly
head extracts. Recovery of INAD (middle) and eye-PKC (bottom) was detected by
Western blotting. Lanes 1, 3 and 5, GST; lanes 2, 4 and 6, TRP**'*”°. (B) Reduced
phosphorylation of a modified TRP?**'?"* containing an Asp substitution at Val'** by the
complex-dependent kinase assay (top). The corresponding Coomassie stained SDS-
PAGE gel is shown in the middle. Recovery of eye-PKC was detected by Western
blotting (bottom). Lane 1, GST; lane 2, TRP**'"°; lane 3, TRP?*127> V126D "(C) Time-
course of the TRP phosphorylation using wild-type fly head extracts. Recovery of eye-
PKC by wild-type TRP was detected by Western blotting (top). GST (m); TRP***'?"
(V); TRPP¢127 VI266D 4y All quantifications were performed as described in
Materials and Methods (n = 3). (D) TRP**'?"> V126D remains a substrate for
recombinant PKCa (top). The corresponding Coomassie stained SDS-PAGE gel is
shown at the bottom. Lane 1, GST; lane 2, TRP?**127; |ane 3, TRP??¢-1275: V1266D
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eye-PKC (Figure 6B, bottom). Importantly, this modified TRP remained an excellent
substrate for recombinant human PKCa (Figure 6D). Together, these results indicate that
the phosphorylation of TRP***'*” by endogenous eye-PKC in vitro is dependent on the
interaction between TRP and INAD.

To demonstrate that eye-PKC is involved in phosphorylation of TRP**'?"° we
show that this phosphorylation is abolished in the presence of a specific conventional
PKC inhibitor Go6976 (5 uM, Figure 7A). To further confirm that eye-PKC is

906-1275 .
7 we carried out the complex-

responsible for the observed phosphorylation of TRP
dependent kinase assay using extracts from inaC™* (139) that lacks endogenous eye-
PKC (31). As expected, phosphorylation of TRP***'*"* and full-length INAD was greatly
reduced, by 82 and 86%, respectively (Figure 7B, TRP906'1275, 17.77 £ 2.5 %, INAD,
13.81 £4.13 %, n = 3, mean + S.E.M.). The absence of phosphorylation is due to a lack
of eye-PKC recovery when inaC™” extracts were used (Figure 7B, middle). These

findings indicate that eye-PKC is indeed responsible for phosphorylation of TRP***'27>.

TRP is phosphorylated at Ser® in vitro

To investigate which of the six putative PKC sites in TRP'?7 s
phosphorylated by eye-PKC, we examined phosphorylation of two shorter TRP fusion
proteins that contain one (TRP'712%) or four (TRP'®"!?7) predicted PKC sites. We
found that TRP'®'?”> and TRP'"*"'*” displayed a drastic reduction of phosphorylation
by 78 and 91%, respectively (Figures 8A, TRP103O'1275, 22.09 £ 7.78 %, TRP“57'1275, 8.33
+ 543 %, n = 3, mean + S.E.M.), by eye-PKC (Figure 8B). Interestingly, these two

fusion proteins were also not phosphorylated by recombinant PKCo (Figure 8C).
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Figure 7. TRP? 2" js phosphorylated in vitro by eye-PKC. (A) Phosphorylation of
TRP?"'?” was eliminated by a specific conventional PKC inhibitor, Go6976. Lanes 1, 3
and 5, GST; lanes 2, 4 and 6, TRP?**'?7 (B) inaC"® extracts failed to promote the
complex-dependent phosphorylation of TRP and INAD. The incorporated radioactivity
was normalized to protein levels obtained by densitometry (Odyssey analysis software)
and the relative phosphorylation was presented as mean = S.E.M. (n = 3).
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Figure 8. Mapping the PKC phosphorylation site in TRP*®*?"> (A) The complex-
dependent phosphorylation of three TRP fusion proteins: TRP**'?7>, TRP!®*!1?"> and
TRP'""?”  One relevant autoradiography and its corresponding Coomassie stained
proteins are shown. (B) Eye-PKC is recovered by all three TRP fusion proteins. Lane 1,
GST; lane 2, TRP?*"?7; |ane 3, TRP'®*'*7; |ane 4, TRP'*" 127 (C) Phosphorylation of
TRP fusion proteins by PKCa. Lane 1, no substrate; lane 2, GST; lane 3, TRP?¢1275,
lane 4, TRP“BO'mS; lane 5, TRP!''571273 Asterisks denote the location of each TRP fusion
protein. (D) TRP is phosphorylated in vitro at Ser’* by PKCo. Lane 1, TRP***'?”| |ane
2. TRPYC1275 S98A |ape 3 TRPYCI27S S92A  |ape 4 TRPYCIZIS SIBA S2A A
quantifications were done as described before (n = 3). All data are presented as mean +
S.E.M.
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958 982

These data indicate that Ser’® or Ser’, the two sites present in TRP***'*”> but not in

TRP'®*'?7are the potential phosphorylation sites for both eye-PKC and recombinant

PKCo.

To investigate whether Ser™® or Ser’™ is indeed the primary PKC

phosphorylation site, we generated a modified TRP?**'*” containing Ala substitutions at

these two sites and performed in vitro kinase assays. We found that Ala substitution of

982

Ser™” resulted in a marked decrease of phosphorylation by PKCa, whereas a similar

substitution at Ser”® did not (Figure 8D, TRP*'?7>) 100 %, TRP**'27> 59584 g0 47 +
22.24 %, TRPY¢1275: 9824 199 46 + 2.84 %, n = 3, mean + S.E.M.). Consistently, fusion

proteins containing both mutations (S958A and S982A) also exhibited a drastically

906-1275 958A 982A
8D, TRP?&1275. S958A. S

reduced phosphorylation (Figure , 18.88 +6.93

%, n =3, mean + S.E.M.).

To further confirm that Ser’™

of TRP is a PKC phosphorylation site, we obtained
a synthetic peptide, ALRAS*VKNVD, spanning Ser’™* of TRP, and used it for in vitro

kinase assays. This oligopeptide was a substrate of recombinant human PKCo with a Km

of 263.1 uM and a Vmax of 17.35 pmol/min. Taken together, these data indicate that

Ser’® represents a major in vitro PKC phosphorylation site in TRP?'*",

TRP is phosphorylated in vivo at Ser®? by eye-PKC

Once we established that Ser’>

of TRP was phosphorylated in vitro by eye-PKC,
we investigated if Ser’™ is phosphorylated in vivo by eye-PKC using liquid
chromatography-MS (LC-MS) analysis. First, we isolated the INAD complexes from

light-adapted wild-type flies via immunoprecipitation, using anti-INAD antibodies.
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Figure 9. TRP is phosphorylated in vivo at Ser®@ as revealed by LC-MS analysis. (A)
Colloidal Blue staining of a gel from which TRP was recovered following
immunoprecipitation. (B) The sequence coverage of TRP was approximately 70%,
including 11 putative PKC sites. Solid lines denote tryptic and chymotryptic peptides
identified by MS. Putative PKC phosphorylation sites are coded blue, Ser’® is coded red,
and Lys-Pro repeats are coded green. (C) Low energy CID spectrum of the doubly
charged phosphopeptide Arg”*’-Met*’. The spectrum was zoomed in 5-fold due to a very
prominent neutral loss of ion. (D) A low energy CID spectrum of the triply charged
phosphopeptide spanning Arg”*’-Met””. The insets show the sequence of the
phosphopeptide; black lines denote the identified cleavages. Fragment ions are labeled
according to the accepted nomenclature. b-ions are coded blue, y-ions, red, and precursor
ions, green. Spectra from the MS/MS/MS analysis of the neutral loss of phosphoric acid
ions confirmed the sequence and the site of phosphorylation (data not shown).
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The proteins in the INAD complexes were separated by SDS-PAGE and
visualized by staining with Colloidal Blue. The 145 kDa protein band corresponding to
TRP was excised (Figure 9A), digested “in-gel” with trypsin or chymotrypsin, and the
resulting peptide mixture was subjected to LC-MS analysis. Peptide fragments were
analyzed and identified by a cluster compatible version SEQUEST algorithm (140), using
a subset of Drosophila proteins from the NCBI database. We obtained approximately
70% amino acid coverage of TRP (Figure 9B) including sequences spanning Ser’*>. We
also used Collision induced dissociation (CID), which fragments peptides such that the
fragmentation pattern can be used to discern the amino acid sequence and the exact site(s)
of phosphorylation. By CID analysis we identified and confirmed the amino acid
sequence of the peptide RAS"**VKNVDEKSGADGKPGTM and revealed the presence

of a phosphate group at Ser’*

. Moreover, we also found the spectra of the unmodified
peptide as well as both the doubly and triply charged phosphopeptides (Figures 9C and
D). Importantly, only the unphosphorylated peptide RAS**VKNVDEKSGADGKPGTM

was detected in TRP isolated from inaC"® flies. Based on these data, we conclude that

TRP is phosphorylated in vivo at Ser’™®* by eye-PKC.

trp>%?* displays slow deactivation of the visual response

To gain insight into the functional significance of TRP phosphorylation at Ser’*,

we generated and characterized transgenic flies expressing a modified trp, trp*”**4, in
which the phosphorylation site is eliminated. As a control, we also generated transgenic
flies expressing a wild-type trp (trp™). The expression of wild-type or modified trp was

under the control of the hsp70 promoter, and the function of TRP was analyzed in a null
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Figure 10. Biochemical and electrophysiological characterization of transgenic flies
lacking the phosphorylation site at Ser®®? (A) Western blotting. The expression of TRP
in the fly head or body was analyzed. (B) ERG analysis. Shown are representative ERG
recordings of wild-type (OR), trp™®", trp™, trp®***4, inaC"* and InaDP*** flies following
stimulation of a two-second pulse of the brightest light stimulus (log I/l = 0). (C) A
histogram that compares half-repolarization times (n = 5, mean + S.E.M.) at different
light stimuli. The stimuli were 2 sec white lights without any attenuation (log I/l =0, | =
stimulus intensity used, lp = maximum stimulus intensity available) or attenuated by one
(log I/l = -1), two (log I/l = -2) or three (log I/lp = -3) log units. The half-repolarization
time is the time required to reach 50% of repolarization, as diagrammatically depicted for
trp>”*** flies in (B). Two independent transgenic lines for both trp™ and trp®**** were

used for quantification. *** p =0.001.
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genetic background (trp™°" (35, 42)). We first determined if the modified TRP is stably
expressed by Western blotting. Indeed, we observed that the TRP protein in trp>*** flies
reaches a steady-state concentration similar to that of wild-type flies (Oregon-R, OR) or
transgenic flies expressing a wild-type trp, trp™ (Figure 10A). It appears that basal
transcription driven by the hsp70 promoter is sufficient for transcription of trp leading to
wild-type level of TRP in trp™ and trp>**** flies.

Next we characterized the visual electrophysiology by ERG for gaining insight
into the in vivo activity of the modified TRP. ERG is an extracellular recording of the
compound eye. Briefly, red-eye flies were dark-adapted for two minutes and then given a
two-second white light stimulation. Using this stimulation paradigm, wild-type flies
displayed the characteristic ERG waveform consisting of fast depolarization, maintained
depolarization, and fast repolarization components (Figure 10B). In contrast, trp™°" flies
displayed the initial fast depolarization but lacked the maintained component, and
therefore the membrane potential returned gradually to baseline. This abnormal

p301

phenotype of trp™"" was completely rescued by transgenic expression of wild-type trp

S982A p301

(Figure 10B). Remarkably, transgenic expression of trp rescued the trp””" phenotype
but with delayed deactivation kinetics (Figure 10B). Close inspection of the deactivation
kinetics in ERG revealed two subcomponents: a fast and a slow component. The fast
subcomponent occurs immediately following light termination and achieves over 50%
repolarization. The fast subcomponent is followed by the slow subcomponent that

eventually returns the potential to baseline. It appears that trp>%®?* flies exhibit defects in

the fast subcomponent.
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To further characterize trp>**** flies we examined their visual response to various
intensities of light over 4 log units. We show that the prolonged deactivation kinetics is

more prominent during the brightest light stimulation (log 1I/lp = 0): the half-

S982A

repolarization time of trp is approximately two-fold longer than that of wild-type

flies (Figure 10C, wild-type, 0.801 + 0.119 s; trp™, 0.842 + 0.064 s; trp®”***, 1.668 +
0.253 s, n = 5, mean + S.E.M.). In contrast, the amplitude of the ERG responses in
trp%”*** was comparable to that of trp™* flies (trp™, 18.008 + 0.95 mV; trp>***, 20.71 +
2.73 mV, n = 5, mean = S.E.M.), indicating that activation of visual signaling is not

924 These results demonstrate that expression of trp>*** leads to slow

affected in trp
deactivation of visual response, which is likely due to a loss of eye-PKC phosphorylation
of the modified TRP.

We compared the deactivation kinetics of trp>*** with that of inaC"* flies that

p209

lack eye-PKC. Interestingly, inaC*™” exhibited prolonged deactivation kinetics similar to

S982A "in response to bright light stimuli. However, inaCP* also shows defects in

trp
deactivation at lower light intensities: the half-repolarization time was at least two fold
longer than that of wild-type, regardless of the light intensity used (log I/lo = 0, inaC"®,
2216 + 0.1 s; log /1o = -1, wild-type, 0.708 + 0.087 s, trp™, 0.721 + 0.209 s, trp®7***,
0.938 + 0.182 s, inaCP™*, 1.852 + 0.053 s; log I/l = -2, wild-type, 0.491 + 0.044 s, trp"",
0.501 £ 0.139 s, trp>™®**, 0.626 + 0.102 s, inaCP*, 1.493 + 0.091 s; log I/l = -3, wild-
type, 0.490 + 0.087 s, trp™, 0.410 + 0.091 s, trp®™***, 0.337 + 0.048 s, inaC™", 1.219 +
0.1 s, n =35, mean = S.E.M.). These results indicate that the deactivation defect in

S982A

inaC™” is more complex than that of trp and suggest that phosphorylation of
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additional PKC sites in TRP or other substrates may be responsible for the fast
deactivation of the visual response.

We also investigated the deactivation kinetics of trp®”***

in comparison with that
of InaD™" (139). InaD"" contains a modified INAD, INADM*** which fails to
associate with TRP (42). The lack of the TRP-INAD interaction leads to a slow recovery
of the visual response (42). We found that InaD**" displayed an ERG phenotype similar

S982A

to that of trp with deactivation defects that manifested at bright light stimulation.

9824 " the deactivation kinetics of InaD"*"* at low light intensities

Moreover, as for trp
were indistinguishable from wild-type (Figure 10C, half-repolarization time for InaD*"?,
log I/l =0, 1.432 £0.064 s; log I/lg = -1, 0.815 + 0.045 s, log I/lp = -2, 0.374 + 0.052 s,
log I/lp = -3, 0.398 £ 0.041 s, n =5, mean + S.E.M.). These results indicate that the slow
recovery of InaDP*'> may be due to a loss of eye-PKC phosphorylation in TRP.

Taken together, our biochemical and electrophysiological analyses demonstrate

that phosphorylation of TRP at Ser’® by eye-PKC is important for the rapid deactivation

of visual signaling in Drosophila.

Discussion
Reversible phosphorylation modulates the dynamics of signal transduction by
transiently altering activities of signaling proteins. Members of the conventional PKC
family (102), which are activated by Ca*" and DAG, are capable of phosphorylating a
wide variety of protein substrates for temporal and spatial regulation of signaling
processes (141). In Drosophila, eye-PKC is involved in the negative regulation of visual

signaling as inaCP" flies lacking eye-PKC display abnormal desensitization, slow
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deactivation and defects in light adaptation (31, 142). Eye-PKC is anchored to a
macromolecular complex by tethering to INAD (46, 54). Interaction with INAD enhances
the stability of eye-PKC as well as targets eye-PKC to the rhabdomeres of photoreceptors
(47), where visual signaling occurs. Importantly, the in vivo function of eye-PKC is
regulated by interaction with INAD. Previously, it was shown that eye-PKC
phosphorylates TRP in vitro (55, 57). In the present study we investigated the molecular

basis of TRP phosphorylation by eye-PKC.

To mimic eye-PKC phosphorylation of TRP in vitro, we designed a complex-
dependent kinase assay. We demonstrated that the in vitro complex-specific
phosphorylation of TRP is regulated by the presence of the INAD-interacting domain in
TRP, as well as the existence of INAD in the fly extracts. We showed that extracts
lacking either eye-PKC or INAD fail to support TRP phosphorylation. Similarly, extracts
prepared from InaDP*'® that expresses a modified INAD devoid of the TRP binding (42),
are not able to promote TRP phosphorylation. Together, these findings indicate that
INAD targets eye-PKC to its substrates, similar to a receptor for activated C kinase
(RACK) (55). By the complex-dependent kinase assay, we identified Ser’®* of TRP as an
eye-PKC phosphorylation site. Moreover, we analyzed TRP isolated from flies by LC-
MS and found that Ser’®* of TRP is indeed phosphorylated in vivo by eye-PKC because

982

phosphorylated peptides encompassing Ser” - of TRP were present in wild-type, but

absent in inaC”*® flies.

Next, we investigated the in vivo functional contribution of phosphorylation by
characterizing transgenic flies expressing a modified TRP bearing an Ala substitution at

Ser’® (trp®®***). Remarkably, these transgenic flies displayed prolonged deactivation
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kinetics in response to bright light stimuli, indicating that phosphorylation of TRP at

982
Ser

by eye-PKC is involved in inactivation of TRP, leading to fast deactivation. A
model of the TRP regulation by eye-PKC is proposed (Figure 11). TRP is an integral part
of the INAD complex and is opened by light. Following light termination, the visual
response is rapidly deactivated. Although molecular mechanisms underlying deactivation
remain elusive, Ca®" is known to play a vital role in response termination (32, 61-63).
The increased intracellular Ca®* (primarily mediated by TRP) and DAG activate eye-

PKC, which, in turn, phosphorylates TRP at Ser’*>

. Phosphorylation of TRP leads to a
rapid inactivation of the channel upon cessation of the light stimulation (Figure 11B),
without affecting the interaction between TRP and INAD (data not shown). How does
phosphorylation influence the TRP channel activity? Ser’®” is located within the Lys-Pro
rich region of TRP (Figure 9B), which may function in TRP gating (41). We speculate

982

that phosphorylation at Ser”” may induce a conformational change in the pore domain,
which in turn leads to a rapid closure and inactivation of TRP. Phosphorylation has been
linked directly to conformational changes that play key roles in the regulation of ion

982 affects the

channels (144). It is also possible that phosphorylation of TRP at Ser
interaction with some yet unidentified proteins which may be important for the

modulation of the TRP channel activity.

In the absence of eye-PKC-mediated phosphorylation of TRP, deactivation of
visual signaling is slower as observed in inaC™® or trp*****. We found that inaC"*"

S982A

displays a more complex deactivation defect, whereas trp exhibits prolonged

deactivation only in response to bright light. These findings suggest that in addition to
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Figure 11. A model of the TRP regulation by eye-PKC-mediated phosphorylation at
Ser®®?, (A) INAD facilitates phosphorylation of TRP at Ser’™ by eye-PKC, by
positioning eye-PKC in close proximity to TRP. (B) Resting TRP channels (1) become
open in response to light stimulation (11) leading to a massive influx of Ca®" that results
in depolarization of the photoreceptor cells. Meanwhile, increases in the concentrations
of intracellular Ca®" and DAG activate eye-PKC, which, in turn, phosphorylates TRP
(111). When light stimulation is off, phosphorylated TRP rapidly becomes inactivated
(IV). 1t is likely that eye-PKC-mediated phosphorylation at Ser’®* of TRP facilitates the
conformational changes associated with the closure of the channel. To return the TRP
channels to the resting state, dephosphorylation with the participation of protein
phosphatases may occur. Shown at the bottom is a representative ERG of a wild-type fly.
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TRP, eye-PKC phosphorylates other substrates for efficient termination of the light
response. Indeed, eye-PKC has been shown to phosphorylate INAD (56, 55) but the
functional relevance of this phosphorylation is not known. Furthermore, Gu et al. (2005)
reported that eye-PKC is required for the Ca*"-dependent inhibition of NORPA. NORPA
is part of the INAD complex, however, it is not known to be phosphorylated by eye-PKC.
Gu et al. (2005) also showed that the Ca*"-dependent inactivation of the light-induced
current was unaltered in inaC**. This finding suggests the existence of a parallel Ca*'-
dependent mechanism in inaC™® by which TRP is inactivated or of an upregulation of a
Ca*"-dependent mechanism that activates other kinases (71) to compensate for the loss of
eye-PKC in inaC"®.

Importantly, trp***** displays slow deactivation kinetics similar to that of
InaDP*'®. InaDP*" was isolated by Pak et al. (139) based on the ina (inactivation-no-
afterpotential) phenotype elicited by ERG. By whole-cell recordings, Shieh and
Niemeyer (137) showed that InaD"*"° exhibits slow deactivation kinetics. However,
Tsunoda et al. (46) reported a delay in latency of the quantum bump and proposed that
activation was affected in the InaDP*'> mutant. To resolve this discrepancy, Henderson et
al. (138) re-examined the mutant and concluded that the primary defect in InaD"*' is
prolonged deactivation and not slow activation. InaD"*'” expresses INADM*?¥ that fails
to associate with TRP (137). How does a loss of INAD-TRP interaction lead to abnormal
deactivation of visual signaling? It is likely that the lack of the INAD-TRP interaction
prevents the recruitment of TRP to the INAD complex and consequently, eye-PKC-

mediated regulation. Indeed, both trp***** and InaDP*" exhibit similar deactivation

defects, indicating that the molecular basis underlying the slow deactivation defect in
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InaD™" is due to a lack of negative regulation of the TRP channel by eye-PKC.
Together, these findings suggest that formation of the INAD complex is essential for fast
deactivation of the visual response by promoting phosphorylation of TRP by eye-PKC.
Moreover, Ser’®* may be the sole eye-PKC phosphorylation site in TRP because trp>***
and InaD™*" display similar deactivation defects. A loss of INAD-TRP interaction was
previously investigated in transgenic flies expressing modified TRP in which the INAD-
interacting domain was deleted (trp™?™). Li and Montell (2000) reported a reduced light
response with normal deactivation kinetics in trpmm. These authors proposed that the
suppression of the delayed termination, which is due to a reduced eye-PKC level in
trp*?2 is probably masked by a concomitant decrease in TRP and INAD levels (40).

To date many proteins related to Drosophila TRP have been discovered in both
invertebrates and vertebrates. These TRP ion channels are subdivided into seven
subfamilies (TRPC, TRPV, TRPM, TRPN, TRPA, TRPP, and TRPML) (37). Drosophila
TRP belongs to the TRPC subfamily. Members of the TRPC subfamily are also activated
by receptor-induced activation of phospholipase C (14) and therefore, may be regulated
by PKC. Indeed, phosphorylation of the TRPC channels by PKC appears important for
modulating the channel activity. For example, the PKC-mediated phosphorylation of
TRPC1 was shown to contribute to its SOC activation, triggering Ca’" entry into
endothelial cells (79). In contrast, PKC-mediated phosphorylation was demonstrated to
inhibit the activity of TRPC3 in HEK 293 cells (83) and of TRPC6 in PC12D neuronal
cells (86). In both cases, TRPC3 and TRPC6 are activated by DAG, whereas DAG also

turns on PKC. The authors proposed that timing is important because the channels are

activated by DAG more rapidly than they are inhibited by DAG-activated PKC (86).
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Heterologously expressed TRPC7 was also shown to be regulated by PKC: inhibition of
PKC prolonged inactivation of the channel (88). Moreover, PKC phosphorylation of
heterologously expressed TRPCS resulted in desensitization of this channel, a process
that was dependent on both extracellular and intracellular Ca”" concentrations (85).

In conclusion, here we uncover the molecular mechanism underlying the
complex-dependent phosphorylation of TRP by eye-PKC and its role in fast deactivation

%82 in vitro and

of vision. Specifically, we show that eye-PKC phosphorylates TRP at Ser
in vivo. Importantly, phosphorylation of TRP facilitates rapid inactivation of the channel
because transgenic flies bearing an Ala substitution at Ser’ display prolonged
deactivation kinetics of the light response. Significantly, this slow deactivation defect is
similar to that observed in InaDP" in which TRP fails to associate with INAD. Our
findings provide insights into the mechanistic basis of slow deactivation in InaDP?™,
suggesting that INAD plays a critical role in targeting eye-PKC to TRP for rapid
deactivation of the visual signaling. Taken together, these data indicate that the INAD
macromolecular complex is important for deactivation of the visual response by directing

eye-PKC to TRP. Furthermore, PKC-mediated phosphorylation of TRP at Ser’® leads to

fast deactivation of vision by promoting inactivation of the TRP channel.
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CHAPTER 11

INVESTIGATION OF OTHER POTENTIAL EYE-PKC PHOSPHORYLATION
SITESIN TRP
Introduction

Drosophila TRP is a light-activated Ca®" channel that plays a crucial role
in the visual signaling pathway. TRP is a member of the TRP channel superfamily, which
is subdivided into six subfamilies (TRPC, TRPV, TRPM and TRPN, TRPA, TRPP, and
TRPML) (37). Drosophila TRP belongs to the TRPC subfamily and contains an extended
C-terminus. TRPC channels are activated upon stimulation of PLCP. Some TRPC
members are known to be SOCs, whereas others are activated by DAG (see Chapter I).
However, the gating mechanism of Drosophila TRP has not been firmly established.

Potential secondary messengers include DAG (28) and PUFAs (29).
TRP is responsible for 90% of photoreceptor depolarization (35, 43, 146-148).
Once the light stimulus ceases, inactivation of both TRP and TRPL channels, and hence
deactivation, occurs in less than 20 ms (52). The high temporal resolution of visual
signaling may be due to the existence of INAD complexes, which promote the correct
subcellular localization of proteins involved in visual signaling. Eye-PKC plays an
important role in deactivation of visual signaling, since flies lacking eye-PKC (inaC"*"%)
display slow deactivation kinetics and also undergo light-dependent retinal degeneration
(31). Eye-PKC shares 52% amino acid identity with human PKCa and is thus a member
of the conventional PKC family that is activated by both DAG and Ca®". The in vivo
function of eye-PKC appears to be dependent upon its interaction with INAD, since a

loss of interaction results in an ERG phenotype similar to that of inaC™® flies (54). This
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result strongly suggests that eye-PKC regulates proteins in the INAD complex. Indeed,
eye-PKC was shown to phosphorylate the TRP channel in vitro in Drosophila (55) and
Calliphora (75). By complex-dependent kinase assays and mass spectrometry analysis,
we have demonstrated previously that eye-PKC phosphorylates TRP at Ser’** both in
vitro and in vivo, and that phosphorylation at this site is important for deactivation of
visual signaling, because mutant flies lacking this phosphorylation site exhibit prolonged
deactivation kinetics by ERG recordings (see Chapter II). Specifically, trpS”*** flies
displayed defects in the rapid component of deactivation in response to bright light,
whereas their response to low intensities of light was normal (see Chapter II). In contrast
to trp*****, inaC"" exhibited a more profound deactivation defect that manifested itself
regardless of the light intensity stimulus used (see Chapter II). These data suggest that
there is another eye-PKC-dependent mechanism that mediates deactivation of visual
signaling. This mechanism may involve phosphorylation of another amino acid in TRP.
In our previous in vitro phosphorylation studies we were not able to evaluate the
intracellular C-terminal region of TRP upstream of amino acid 906, because we failed to
produce stable fusion proteins in bacteria (see Chapter II). Interestingly, within this
region there are eight putative PKC phosphorylation sites as predicted by NetPhos and
Prosite software, using the consensus PKC motif (S/T)-X-(R/K). Moreover, only three of
the eight phosphorylation sites were covered, and shown not to be phosphorylated in
VivO, in our previous mass spectrometry analysis.

Here we investigated whether there is an additional PKC phosphorylation site in
the intracellular C-terminal sequence of TRP upstream of amino acid 906. We employed

in vitro kinase assays using GST-TRP fusion peptides encompassing the putative PKC
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sites as substrates, and recombinant human PKCa as the enzyme. We found that a GST-

881 884

peptide containing two putative PKC sites, Ser™ and Ser™", was highly phosphorylated

by PKCa. Using site-directed mutagenesis we determined that Ser®™ was highly

phosphorylated in vitro by PKCo. An alignment of TRP sequences from various

invertebrate species revealed that this residue is highly conserved. In addition, Ser®™* i

S
positioned close to the calmodulin-binding domain of TRP. Taken together, these data
suggested that phosphorylation of Ser®™* may be functionally important. We assessed the
functional relevance of this phosphorylation site by generating transgenic flies expressing
a modified TRP in which Ser*®* was replaced with Ala. Transgenic flies were analyzed

by ERG. Preliminary data show that trpS884A

exhibits normal kinetics in response to light,
indicating that phosphorylation of Ser®® in TRP by PKC does not contribute to regulation

of the light response in Drosophila.

Materials and Methods

Generation of GST-TRP fusion peptides

Synthetic oligonucleotides encoding each of the predicted PKC sites were
designed and generated, as follows:
Ser® 5 AATTCTACCAAATCATCTCGGAGCGAGCCGACTAAC 3’ (sense)

5" TCGAGTTAGTCGGCTCGCTCCGAGATGATTTGGTAG 3’ (antisense)
Ser’” 5> AATTCCGCCAGGACATCAGCTCCTTGCGGTTCGAGTAAC 3’ (sense)

5" TCGAGTTACTCGAACCGCAAGGAGCTGATGTCCTGGCGG 3’ (antisense)

Thr*' 5° AATTCGGAGTTGCTCGAACCACCAAGGGCAAGTAAC 3’ (sense)
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5 TCGAGTTACTTGCCCTTGGTGGTTCGAGCAACTCCG 3’ (antisense)
Ser** 5 AATTCAGCGAATCTGAGAGCGGACGAGATATATAAC 3’ (sense)

5 TCGAGTTATATATCTCGTCCGCTCTCAGATTCGCTG 3’ (antisense)
Thr** 5> AATTCGGCAGAAAGAAGACCCAGAAGGGAGACTAAC 3’ (sense)

5 TCGAGTTAGTCTCCCTTCTGGGTCTTCTTTCTGCCG 3’ (antisense)
Ser”” 5 AATTCGATCCCATTGGCTCCAAGCGCTCCTCCTAAC 3’ (sense)

5" TCGAGTTAGGAGGAGCGCTTGGAGCCAATGGGATCG 3’ (antisense)
Ser®™ 5> AATTCATGCAACGTCATAGCCAGCGAAGCTTGTAAC 3°(sense)

5 TCGAGTTACAAGCTTCGCTGGCTATGACGTTGCATG 3’(antisense)
Ser®™ 5> AATTCCGTCATAGCCAGCGAAGCTTGAGGAGGAAGTAAC 3 (sense)

3’ TCGAGTTACTTCCTCCTCAAGCTTCGCTGGCTATGACGG 3’ (antisense)

881 884

Ser™™ and Ser™" were converted to Ala residues using the following synthetic
oligonucleotides:
S881A 5> AATTCCGTCATGCCCAGCGAAGCTTGAGGAGGAAGTAAC 3’ (sense)
5" TCGAGTTACTTCCTCCTCAAGCTTCGCTGGGCATGACGG 3’ (antisense)
S884A 5° AATTCCGTCATAGCCAGCGAGCCTTGAGGAGGAAGTAAC 3’ (sense)
5’ TCGAGTTACTTCCTCCTCAAGGCTCGCTGGCTATGACGG 3’(antisense)
S881A, S884A
5" AATTCCGTCATGCCCAGCGAGCCTTGAGGAGGAAGTAAC 3’ (sense)
3’ TCGAGTTACTTCCTCCTCAAGGCTCGCTGGGCATGACGG 3’ (antisense)
35 ng of both the sense and complementary antisense oligonucleotides were first

annealed in a buffer containing 20 mM Tris-HCL pH 7.5, 2 mM DTT, 0.1 mM EDTA,

and 50% glycerol, by incubating at 60° C for two minutes, and gradually cooling the
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tubes to room temperature. The annealed oligonucleotides were ligated into EcoRI and
Xhol sites of pGEX-4T1. Next, Escherichia coli HMS174 cells were transformed with
pGEX-4T1 constructs. Overnight cultures (1.5 ml) from a single colony were used to
inoculate 50 ml of Luria-Broth containing ampicillin (50pg/ml). Cultures were grown at
37°C for 2-3 hours until the density of bacterial cultures (ODggo) reached 0.6-0.8.
Expression of fusion peptides was initiated by adding IPTG to a final concentration of
0.1-1 mM). Cultures were harvested 3 hours after induction, and bacterial pellets were
collected by centrifugation. Bacterial lysates containing the fusion peptides were
prepared by re-suspending pellets in Extraction Buffer (EB) (1X Phosphate Buffered
Saline (PBS), 10 mM DTT, 10 mM EDTA, 1% Triton X-100, and a mixture of protease
inhibitors containing 1 mM PMSF, 1 pg/ul leupeptin and pepstatin A, 5 pg/ul aprotinin,
0.01 mM benzamide, 1 mM benzamidine). Re-suspended pellets were subjected to 20-30
strokes on ice using a Polytron homogenizer, and incubated at 4°C with constant agitation
for 1 h to extract GST-fusion peptides. The mixture was centrifuged at 12,000 rpm for 20
min at 4°C, and the supernatant containing GST-fusion peptides was used for

immobilizing the GST-fusion peptides on Glutathione beads.

In vitro kinase assay

In vitro kinase assays were performed as described in Chapter I1.

LC-MS analysis

LC-MS was performed by the Vanderbilt Mass Spectrometry Research Center, as

described previously (see Chapter I, Materials and Methods).
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Fly stocks
Fly stocks (Drosophila melanogaster) were maintained at 25°C in a 12/12-hr

light/dark cycle. The wild-type strain was Oregon-R and the mutant included trp™".

P-element-mediated Germ-line Transformation

Modified trp cDNA was subcloned into a pCaSpeR 4 vector that contains the
Drosophila hsp70 promoter. The P-element construct and a transposase plasmid (“‘wings-
clipped”) were injected into y [1] w[67c23] embryos (CBRC transgenic Drosophila
Core, Massachusetts General Hospital- Harvard Medical School). Crosses were carried
out using standard techniques. Flies with the transgene integrated into the X and second
chromosomes were selected and made homozygous in the trp™°! background for further

analysis.

WB analysis
WB was performed using alkaline phosphatase-conjugated secondary antibodies.
Antigens were visualized upon staining with BCIP and NBT. Polyclonal antibodies

against INAD and TRP were generated as described before (42, 137).

ERG Recordings

ERG recordings were performed as described in Chapter II.
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Results

Ser® of TRP is phosphorylated in vitro by PKCa.

To gain better insight into the regulation of TRP by eye-PKC, we focused our
attention on the previously unexamined intracellular C-terminal sequence of TRP. Using
NetPhos and Prosite software, and the PKC consensus sequence motif (S/T)-X-(R/K), we
identified eight putative PKC phosphorylation sites within the TRP sequence between
amino acid residues 657 and 906. To determine whether any of these potential PKC sites
are indeed PKC phosphorylation sites, we generated GST-fusion peptides spanning each
of these putative PKC sites, and assessed phosphorylation by recombinant human PKCoa.
We found that the GST-TRP””***® fusion peptide was phosphorylated by PKCa., whereas
the negative control, GST, was not. The phosphorylation of other GST-TRP peptides was
negligible (Figure 12).

The sequence spanning TRP'*™® contains two putative PKC sites, Ser®' and
Ser*®. To investigate which of the two sites are targeted by PKCa., we used site-directed
mutagenesis to substitute one or both of the PKC sites with Ala. We show that

779-888
P

phosphorylation of the TR peptide lacking Ser®** was reduced by 80%, whereas

the phosphorylation of the peptide lacking Ser®®' was decreased by only 26% (Figure

884

13A). These data demonstrate that Ser”™™" of TRP can be phosphorylated in vitro by

PKCa.
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Is Ser®® of TRP phosphorylated by eye-PKC?
Once we established that Ser®® is phosphorylated by PKCa., we explored whether

884, However, we were not able to test whether

eye-PKC could also phosphorylate Ser
Ser®™ is phosphorylated by eye-PKC in vitro because TRP”*** lacks the PDZ-binding
region required for the TRP-INAD interaction. In addition, as mentioned previously, the
fusion proteins containing sequences spanning TRP®""'?” is not stable in E. coli. Thus, in
both cases, the complex-dependent kinase assay could not be employed to evaluate the
eye-PKC-dependent phosphorylation at Ser®™* in TRP.

884 is phosphorylated in vivo by eye-PKC, by LC-

We investigated whether Ser
MS. The TRP channel was isolated from light-adapted wild-type flies by
immunoprecipitation using anti-INAD antibodies. Proteins in the complex were resolved
by SDS-PAGE, and stained with Colloidal Blue. The band corresponding to TRP was
excised, digested in-gel using trypsin or chymotrypsin. This mixture of peptides was
subjected to LC-MS, and resultant data were analyzed by the SEQUEST algorithm, as
described in Chapter II. Unfortunately, the TRP sequence between amino acid residues
879 and 887 was not identified by SEQUEST. One possible reason for this is that
complete digestion of the sequence surrounding Ser®®* (MQRHSQRS™* LRRKII), using
either trypsin (cleaves at C-terminal of K or R) or chymotrypsin (theoretically, cleaves at
C-terminal of F, W, Y , but experimentally, also cleaves nonspecifically at K, R, L, , N,
Q, C, H, S, and M), may yield peptides containing less than five amino acid residues that
are beyond the limits of MS detection. To bypass this potential problem, we performed a

partial digestion of TRP, for 15, 30 and 60 minutes; however, the region encompassing

Ser®™ was still not covered by SEQUEST, and therefore, its in vivo phosphorylation state
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Figure 12. The peptide containing Ser®®* is phosphorylated in vitro by recombinant
PKCa. The TRP peptides were designed as described in Materials and Methods. These
peptides contain putative PKC sites within the TRP C-terminal region upstream of amino
acid 906. Putative PKC sites were identified using NetPhos and Prosite software, and the
PKC consensus motif (S/T)-X-(L/K). control, GST, n = 3.
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Figure 13. Ser® in TRP is phosphorylated in vitro by PKCa. (A) Peptide sequences
used in the in vitro kinase assay are shown above. The histogram, which indicates that
Ser®® is phosphorylated in vitro by PKCa, is shown below. The incorporated
radioactivity was normalized to protein levels obtained by densitometry (Odyssey
analysis software), and the relative phosphorylation was presented as mean +£ S.D. (n =
3). (B) Ser®™* (blue) of Drosophila TRP is conserved across insect species. Residues
corresponding to Ser®®! and Ser®®* are denoted by the black rectangles. dm, Drosophila
melanogaster, cv, Calliphora vicinia, ag, Anophelus gambiae, am, Apis meliphera.
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remains elusive. Although we were unable to demonstrate the phosphorylation of Ser®®

by eye-PKC, we noticed that Ser™ is conserved across different insect species (Figure

13B), suggesting a functional role for this residue.

trp>®*A expressing the wild-type level of TRP®®** displays normal kinetics by ERG

recordings
To address the functional significance of phosphorylation of Ser®™* in TRP by

PKC, we generated transgenic flies expressing a modified TRP lacking this

S884A 884

phosphorylation site. These flies, trp , express a modified TRP in which Ser™" is

substituted with Ala, which is under the control of the hsp70 promoter. The function of

p301

TRP*™A was explored in a trp null genetic background (trp™""). By Western blotting, we

PS¥4A and observed that the basal expression of TRPS*4

examined the expression of TR
in young (1 day) and old (10 day) trp*®*4 flies was variable: some transgenic flies
displayed wild-type levels of TRP, whereas others exhibited no detectable TRP (Figure
14A).

We characterized the functional consequence of the loss of PKC phosphorylation

884
at Ser

in TRP using ERG, an extracellular recording method in which the electrical
signals from the whole eye are recorded. A normal ERG waveform consists of initial fast
depolarization, maintained depolarization and fast repolarization components.

Unexpectedly, the ERG phenotype of trp>****

was variable, ranging from wild-type to
abnormal waveforms. Significantly, the visual phenotype correlated with the levels of
TRP in transgenic flies: flies containing wild-type amounts of TRP displayed a wild-type

ERG waveform, whereas flies without detectable levels of TRP exhibited an abnormal

ERG waveform similar to that of mutant flies lacking TRP, trpP"! (Figure 14B).
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Figure 14. trp®®** expressing wild-type level of TRP displays normal response to

light stimulation. (A) Western blotting showing variable expression of TRP in young (1
day) trp®**** flies (trp*****(1) and trp®®**(2)). (B) ERG analysis. Shown are
representative ERG recordings of wild-type (wt), trp™', and two trp®®*** flies whose
Western blotting is shown in (A). A white light pulse of 10 s was used for stimulation.
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Taken together, our preliminary biochemical and electrophysiological findings

suggest that Ser®®*

of TRP does not play a role in regulation of the light response by eye-
PKC, since flies expressing TRP*™A exhibit a wild-type ERG phenotype. Further

investigation is needed to provide an explanation for the variety of the biochemical and

electrophysiological profiles of trp>*** flies.

Discussion

Deactivation of Drosophila visual signaling is a very fast process that likely
involves multiple mechanisms. These mechanisms are Ca®’—dependent, since by
increasing the extracellular Ca®", the rate of deactivation is enhanced in isolated
photoreceptor cells (32, 61). Remarkably, studies using fluorescent Ca*" dyes show that
the increase in intracellular Ca®" is mediated primarily through light-activated TRP
channels (62). The prime candidate for Ca*"-mediated negative feedback of the light
response is eye-PKC, a conventional PKC isoform that is activated by Ca’" and DAG,
and expressed specifically in the Drosophila eye. Indeed, the role of eye-PKC in
deactivation of the light response and light adaptation has been demonstrated previously:
flies lacking eye-PKC (inaC"*") exhibited prolonged deactivation kinetics and defects in
light adaptation (31, 142).

Importantly, eye-PKC is tethered to the scaffolding protein INAD (54), which
also binds the TRP channel (42). INAD interacts constitutively with the main players
involved in visual signaling including NORPA, eye-PKC and the TRP Ca*" channel (46,
149). The anchoring of eye-PKC to INAD is mandatory for proper functioning of

Drosophila visual signaling, since transgenic flies expressing eye-PKC'""°®, in which the

69



interaction of the kinase with INAD is eliminated, exhibit a profound defect in
deactivation, similar to that of mutant flies lacking eye-PKC (inaC™* flies) (54). The
interaction between TRP and INAD is also important for phototransduction: mutant flies
expressing modified INAD, in which a missense mutation (M442K) abolishes the
interaction between INAD and TRP, display defects in termination of the light response
(137, 138).

TRP was shown previously to be phosphorylated by eye-PKC in vitro (75, 55). In
Chapter II we demonstrated that phosphorylation of TRP by eye-PKC in vitro depends on
the anchoring of both proteins to INAD. In addition, we showed that eye-PKC
phosphorylates TRP at Ser*”, and phosphorylation at this site is important for
deactivation of the light response. Specifically, trp%”*** flies exhibited defects in
deactivation kinetics in response to bright light, whereas their response to low light
intensities was normal (see Chapter II). In contrast, flies lacking eye-PKC (inaCP*")
displayed more profound deactivation defects that manifested regardless of the light
intensity stimulus used. These data indicate that eye-PKC mediates another event that
contributes to deactivation of visual signaling, possibly by phosphorylating another
amino acid in TRP.

In this study, we investigated whether there are any additional PKC sites in the
previously unevaluated C-terminal sequence upstream of amino acid 906 of TRP. We
generated GST fusion peptides spanning each putative PKC site, and demonstrated that
Ser®® is heavily phosphorylated by recombinant PKCo.. However, we were not able to
test whether Ser®™ is phosphorylated in vitro or in vivo by eye-PKC. We were also not

884

able to assess the status of Ser””" phosphorylation in vivo by mass spectrometry, because
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the spectra of peptides containing Ser®®* were not recovered. Interestingly, Ser™ is
conserved among several insect TRPs (Figure 13B), suggesting a functional role for

84 Importantly, Ser®® is located close to the region that has been suggested to bind

Ser
calmodulin (48).
We generated transgenic flies expressing modified TRP in which Ser®™ was

884 does not

replaced by Ala. Our preliminary data indicate that phosphorylation of Ser
have an effect on regulation of the light response, since trp>**** flies display a normal
ERG waveform in response to light. We also observed that some flies exhibited an
abnormal ERG waveform lacking the maintained component (Figure 14B), however, this
phenotype was apparently due to decreased levels of TRPS**** The variable TRP levels
in trp>**** flies may be due either to differential expression of TRP™™A or to age- or
light-dependent protein degradation. Further investigation is needed to explore these
possibilities.

Preliminary results of this study did not support that Ser®* is a candidate for the
eye-PKC-dependent regulation of TRP. Therefore, the chapter regarding eye-PKC-
mediated deactivation of Drosophila visual signaling remains open to investigation. Eye-
PKC has been shown previously to phosphorylate other proteins that are involved in
visual transduction, such as INAD (56, 55), but the functional relevance of this
phosphorylation has not been investigated. Recently, NORPA has been suggested to be a
substrate of eye-PKC based on electrophysiological studies (150), however, direct
evidence of NORPA phosphorylation by eye-PKC is lacking.

Deactivation of visual signaling is a Ca**-dependent process. Other mechanisms

that may be responsible for this Ca*"-dependent process include 1) direct action of

71



calmodulin on the TRP channel, and 2) phosphorylation of TRP by Ca**/ calmodulin-
dependent kinase II (CaMKII). Calmodulin is a small Ca*" binding protein (148 amino
acids) that acts as a primary sensor of intracellular Ca®" changes. It can bind a maximum
of four ions, and can exist as partially filled calmodulin or Ca*"-free apocalmodulin.
Ca*"-bound calmodulin may have an effect on the activity of TRP, since TRP contains a
putative calmodulin binding site, and has been shown to bind calmodulin in an overlay
assay in the presence of Ca’" (48). Moreover, CaMKII has been shown previously to
phosphorylate Arrl in Drosophila photoreceptors (71, 72). It is possible that CaMKII

phosphorylates and regulates the TRP channel activity.

Summary and Future directions

Drosophila visual signaling is one of the fastest GPCR signaling pathways.

982

Previously, we showed that eye-PKC phosphorylates the TRP Ca** channel at Ser’®, and

this phosphorylation is important for deactivation of the light response. However, flies
lacking eye-PKC (inaC"*) exhibit a more severe defect in deactivation compared to
trp®**** flies, suggesting that eye-PKC phosphorylates another site in TRP besides Ser’*?,
or in another protein that plays a role in deactivation. In the current study we sought to

%2 Our in

determine if eye-PKC phosphorylates a second site in TRP, in addition to Ser
vitro studies indicated that Ser®®’, a conserved PKC site in TRP may be involved in the
eye-PKC-dependent regulation of the visual response. However, studies using transgenic
flies expressing TRP®**** failed to support the possibility that phosphorylation at Ser®™

of TRP plays a role in deactivation of the visual response.
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CHAPTER IV
EYE-PKC IS PHOSPHORYLATED IN VIVO AT THR%"!

Introduction

Drosophila eye-PKC is a photoreceptor-specific PKC isoform critical for light
adaptation (142) and deactivation of the visual signaling (31). Eye-PKC binds to the
second PDZ domain of INAD via its terminal PDZ-binding motif (54). A lack of
interaction with INAD renders eye-PKC unable to regulate the visual signaling:
transgenic flies expressing a modified eye-PKC (eye-PKC""P) in which the interaction
of the kinase with INAD is eliminated, exhibit a defect in deactivation, similar to that of
flies lacking eye-PKC (inaC"**) (54).

PKC belongs to a family of serine/threonine-specific protein kinases that are
implicated in diverse physiological and pathological processes (98, 151). As mentioned
before, to date 12 different PKC isozymes have been identified in vertebrates. They are
classified into three groups, according to the structure of the regulatory domain that
consequently, determines the sensitivity to different cofactors. Conventional PKCs
(o, BL, BIT and y) are activated by Ca’" and DAG, whereas novel PKCs (8, €, 1n/L and 0)
respond only to DAG. In contrast, atypical PKCs ({ and v/ ) are insensitive to both Ca*"
and DAG (101). Eye-PKC shares the highest sequence identity with human
PKCa (52%) and PKCB1 (53%). Previously, it was shown that a conventional PKC
gains catalytic competence by undergoing three ordered phosphorylations (101). The first
phosphorylation event is mediated by phosphoinositide-dependent kinase-1 (PDK-1),

which phosphorylates the activation loop of PKC. This phosphorylation is a prerequisite
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for the following two phosphorylation events that are contributed by an intramolecular
autophosphorylation mechanism. It has been suggested that phosphorylation is involved
in the maturation process of the enzyme, because 80% of PKC is already present in the
triply-phosphorylated form in unstimulated cells (101).

Eye-PKC is a conventional PKC, however, little is known about how eye-PKC
becomes catalytically competent. Here we sought to investigate the phosphorylation state
of eye-PKC in vivo as a first step in understanding how eye-PKC gains its catalytic
competence. By mass spectrometry, we show that eye-PKC is phosphorylated in vivo at
Thr®”'. We identified the spectra of doubly and triply charged phosphorylated peptides

71 'We also found the neutral ion losses for these peptides. Thr®”' is an

encompassing Thr
evolutionary conserved residue that corresponds to Thr®* and Thr®*? of vertebrate
PKCo and PKCB1, respectively. Phosphorylation of Thr®® in PKCo and Thr®® in
PKCB1 has been shown previously to be important for attaining the catalytic competence

of these PKCs. We also report that expression of catalytic competent eye-PKC in

Spodoptera frugiperda (Sf9) insect cells.

Materials and Methods

LC-MS analysis

LC-MS was performed as described before, by the Vanderbilt Mass Spectrometry
Research Center. Approximately 10 pmoles of eye-PKC were excised from SDS/PAGE
gels for in-gel digestion with either trypsin or chymotrypsin (152). The resulted peptides

and data were analyzed and interpreted, as described before (see Chapter II).
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Expression of GST-fusion proteins in bacteria

The region of INAD, containing the first two PDZ domains, and of TRP,
containing residues 906-1275, were expressed as GST-fusion peptides in E. coli HMS174

cells, as described before (see Chapter II and III).

Expression of eye-PKC in insect cells

Expression of wild-type eye-PKC without or with a 6xHis tag (at either N- or C-
termini) was employed in baculovirus Sf9 cells (Invitrogen, La Jolla, CA). Transfection
of Sf9 cells with recombinant pVL1393 constructs was performed using the
BaculoGold™ transfection kit (BD Biosciences, San Diego, CA). Transfected cells were
incubated for 4 days at 27° C, and the supernatant containing the initial virus production
(P1 virus) was collected and used to infect more cells to amplify the virus. A high titer
virus stock solution was obtained after three rounds of amplification or three passages
(P3 virus). Sf9 cells were maintained as suspension cultures in TMN-FH medium (BD
Biosciences) containing 10% fetal bovine serum (GibcoBRL, Grand Island, NY), 1% L-
Glutamine (Sigma, Saint Louis, MO) and 0.1% Pluturonic acid (Sigma). To express eye-
PKC, cells were grown to 2 x 10° cells/ml in 400 ml suspension cultures and then
infected with the virus. After incubation at 27° C for two days, the cells were harvested
by centrifugation at 3,000g for 15 minutes, and the pellet was kept at -80° C for later use.
The extract was made by resuspending the pellet in a buffer containing S0 mM Phosphate
buffer, 50 mM KCI, 5 mM B-mercaptoethanol, 1% triton X-100, and a cocktail of

protease inhibitors, homogenized in a hand-held homogenizer chilled on ice, and
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incubated on a rocker, for 1 hr at 4°C. Then the extract was centrifuged at 3, 000g and

4°C for 30 min, and the supernatant was used for the pull-down assay.

Purification of 6xHis eye-PKC

The Sf9 cell lysates containing 6xHis tagged eye-PKC were incubated with Ni-
NTA Agarose beads for 1 hr at 4°C, on a rocking platform. Following a brief
centrifugation, the supernatant was removed and the Ni-NTA Agarose beads containing
the associated protein were washed five times with a buffer containing 50 mM Na-
phosphate, 300 mM NacCl, and 10% glycerol, pH 8.0. Then, the recombinant eye-PKC
was eluted from beads using a buffer containing 50 mM Na-phosphate, 300 mM NaCl,
10% glycerol, pH 6.0, and imidazole 0.5M. Purification of eye-PKC was assessed by

SDS-PAGE and WB.

Peptide phosphorylation

Peptide phosphorylation was performed according to a method described before
(153). Briefly, the synthetic peptide RRGRTGRGRRGIFR (EMD Biosciences, San
Diego, CA) was incubated with either recombinant human PKCa or 6xHis tagged eye-
PKC, and [y->*P]-ATP for 10 minutes, in the presence of PMA (1uM). The probes were
subjected to 20% SDS-PAGE. The incorporation of radioactivity was detected by

exposing the gel to a film.

Pull-down assay
25 pl of immobilized Glutathione-agarose beads were washed with 1X PBS and

incubated with ten pg of GST-INAD or GST-TRP***'*"* fusion proteins, or GST alone,
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for 2 h at4°C. After a brief centrifugation, beads were washed three times with extraction
buffer or EB (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% Triton X-100 and a mixture of
protease inhibitors), and incubated with 500 ul Sf9 insect cell extracts expressing eye-
PKC, for 1 hour at 4°C. After incubation, beads bound to GST fusion proteins and
associated proteins (i.e. eye-PKC) were recovered and washed three times with EB and
once with kinase reaction buffer (RB) (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,. The presence of

pulled-down eye-PKC was analyzed by Western blotting.

In vitro kKinase assay

Immobilized GST-fusion proteins together with the pulled-down proteins from
the Sf9 cell extract, were incubated at 30°C with 50 ul RB containing PMA (1 uM), 3 uCi
of carrier-free [y-""P]-ATP in the presence of 100 uM cold ATP. 2X SDS/PAGE loading
buffer was added to terminate the kinase reactions. Samples were then subjected to
SDS/PAGE (10%) followed by Western blotting or Coomassie Blue staining. Dried and

stained gels were subjected to autoradiography to assess phosphorylation.

WB analysis

WB was performed as described before (see Chapter I1I).
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Figure 15. Eye-PKC is phosphorylated in vivo at Thr®* as revealed by LC-MS
analysis. (A) The sequence coverage of eye-PKC was approximately 48.3%. Red denotes
tryptic and chymotryptic peptides identified by MS. (B) Low energy CID spectrum of the
doubly charged phosphopeptide Glu®’-Lys®”®. The spectrum was zoomed in 10-fold due
to a very prominent neutral loss of ion. (C) Low energy CID spectrum of the doubly
charged phosphopeptide Thr®”>-Phe®”®. This spectrum was also zoomed in 5-fold due to a
prominent neutral loss of ion. The insets show the sequence of the phosphopeptide; black
lines denote the identified cleavages. Fragment ions are labeled according to the accepted
nomenclature. b-ions are coded blue, y-ions, red, and precursor ions, green. Spectra from
the MS/MS/MS analysis of the neutral loss of phosphoric acid ions confirmed the
sequence and the site of phosphorylation (data not shown).
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Results
Eye-PKC is phosphoryated in vivo at Thr®"

To gain insight into how eye-PKC becomes catalytically competent, we explored
the phosphorylation status of eye-PKC in vivo, using LC-MS analysis. To isolate eye-
PKC from flies, we immunoprecipitated INAD complexes from light-adapted wild-type
flies, using anti-INAD antibodies. The proteins in INAD complexes were separated by
SDS-PAGE and visualized by Colloidal Blue staining. The 80 kDa protein band
corresponding to eye-PKC was excised (Chapter II, Figure 9A), in-gel digested with
trypsin or chymotrypsin, and the resulting peptide mixture was subjected to LC-MS.
Fragments of peptides were analyzed and identified as previously described in Chapter II,
by the SEQUEST algorithm (140), using a subset of Drosophila proteins from the non-
redundant database from NCBI or Uniref100. The amino acid sequence coverage of eye-
PKC was approximately 48% (Figure 15A). To examine the presence of phosphorylation
sites in eye-PKC, we employed CID, which identified and confirmed the amino acid
sequence of peptides EKTDLT®"'PTDK and TKEKTDLT®'PTDKLF, and showed the

presence of a phosphate group at Thr®”'

(Figures 15B and C ). Moreover, the neutral loss
of phosphoric acid was also detected for both peptides (data not shown), further
confirming that Thr®”' is phosphorylated. Together these data demonstrate that eye-PKC

is phosphorylated in vivo at Thr®'".
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Expression of eye-PKC in Sf9 cells

To gain better insight into how eye-PKC is regulated, we expressed eye-PKC in
Sf9 cells, which support the post-translational modifications required for eye-PKC
activity. Insect cells were infected with recombinant baculovirus containing full length
inaC cDNA, and the expression of eye-PKC was assessed by Western blotting (Figure
16A). We show that the levels of eye-PKC reached a maximal level 48 hrs after the
infection, but declined after 72 hrs (Figure 16B).

Once we established that eye-PKC is expressed in insect cells, we investigated
whether the recombinant eye-PKC is catalytically competent. First, we purified the 6xHis
tagged eye-PKC from insect cells by Ni**-agarose affinity chromatography (Figures 17A
and B). Next, we tested whether this recombinant eye-PKC can phosphorylate a highly
specific PKC peptide substrate, RRGRTGRGRRGIFR. As a positive control we used
recombinant human PKCa. We found that PKCa phosphorylates the PKC substrate,
whereas recombinant eye-PKC does not (Figure 17C). These results suggest that either
the recombinant eye-PKC is not catalytically competent, or we are not using the right
assay to test the catalytic competency of recombinant eye-PKC.

To avoid the impact of the His tag on eye-PKC function, we decided to express
eye-PKC without any tag in Sf9 cells, and investigate its catalytically competence. In
Drosophila, eye-PKC, TRP and INAD form a macromolecular complex (149). Eye-PKC
binds to the second PDZ domain of INAD (54), and has been shown to phosphorylate
both INAD and TRP in vitro by immunocomplex kinase assays (56, 75, 55). In the
complex kinase assay, phosphorylation of TRP by eye-PKC depends on the presence of

INAD, which anchors eye-PKC in close proximity to TRP (see Chapter II).
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Figure 16. Generation of recombinant eye-PKC. (A) WB showing increasing
expression of eye-PKC, following infection of insect cells with increasing amounts of P2
virus. (B) WB revealing that the maximum expression of eye-PKC is attained 48 hr
postinfection. +, positive control consisting of wild-type fly head extract. WB, Western

blotting.
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Figure 17. Recombinant eye-PKC does not phosphorylate a specific PKC substrate.
(A) Silver stained SDS-PAGE gel showing purification of eye-PKC from insect cells.
Purification was done as described in Materials and Methods. Lane 1, input, lanes 2, 3, 4,
5, 6 flow-through, lane 7, eluted eye-PKC. (B) WB following purification of eye-PKC.
+, positive control (two fly heads), lane 1, input, lanes 2, 3, 4, 5, 6 flow-through, lane 7,
eluted eye-PKC. WB, Western blotting. (C) Autoradiogram showing that recombinant
human PKC phosphorylates a highly specific PKC substrate (RRGRTGRGRRGIFR),
whereas recombinant eye-PKC does not.
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To further investigate whether recombinant eye-PKC is catalytically competent,
we employed the complex-dependent kinase assay using GST-fusion proteins containing
either the first two PDZ domains of INAD or TRP?**'?”>_ Experimentally, immobilized
GST-fusion proteins were incubated with Sf9 insect cell extract expressing eye-PKC, and
phosphorylation was monitored. We observed that GST-INAD became phosphorylated
by in vitro kinase assay, since it was able to isolate eye-PKC from Sf9 cell lysates,
whereas no phosphorylation was detected upon incubation with extract prepared from
uninfected Sf9 cells (Figures 18A and B). In contrast, GST-TRP***'*”> and GST were not
phosphorylated following incubation with Sf9 cell extract expressing eye-PKC, due to
inability of these two proteins to recover eye-PKC from the extract (Figure 18B).
Together these results demonstrate that the heterologously expressed eye-PKC is

catalytically competent to phosphorylate INAD.

Discussion

An essential requirement for the catalytic competence of a PKC is its
phosphorylation state (151). Studies on vertebrate PKCs have demonstrated that a PKC
undergoes three ordered phosphorylations important for the enzyme maturation (154).
The first phosphorylation, which is mediated by PDK-1, is the rate-limiting step, and
occurs on a loop at the entrance to the catalytic site (activation loop) (155).
Phosphorylation of the activation loop acts as a switch, and triggers the rapid
autophosphorylation of the turn motif, which is a Pro-rich domain (156). Phosphorylation
of the turn motif determines autophosphorylation of the hydrophobic site (157). The

phosphorylation of the activation loop is required to initiate the autophosphorylation
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Figure 18. Recombinant eye-PKC is catalytically competent. (A) Autoradiogram
indicating that INAD (PDZ1 and 2) is phosphorylated by recombinant eye-PKC. (B)
GST-INAD pulls-down eye-PKC from infected Sf9 cell extract, wherecas GST and GST-
TRP, do not. The protein molecular standards are denoted on the left.
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events within the C-terminal sequence, however, once these events are completed,
phosphorylation of the activation loop is not required for its activity (158, 159).
Phosphorylation of the turn motif was shown to be both necessary and sufficient for the
activity of a mature PKC (143), whereas phosphorylation at the hydrophobic motif

affects only the stability of the enzyme, but not its function (145).

671 671

We report that eye-PKC is phosphorylated at Thr’ " in vivo. Thr’" is located in
the catalytic domain of eye-PKC. Sequence alignment of catalytic domains of Drosophila

eye-PKC, Calliphora eye-PKC and vertebrates PKCo and BI discloses a high degree of

671 671

conservation at Thr’'', suggesting that Thr’'" is important for the eye-PKC function
(Figure 19). Thr®”' is the equivalent of Thr®*® in PKCa and Thr®* in PKCBL Both Thr®*
and Thr** have been indicated to be autophosphorylated, and are essential for these
PKCs activity. Taken together, these data indicate that phosphorylation of Thr®”' in eye-
PKC may be sufficient for the activity of eye-PKC in vivo. Further studies are needed to
support this hypothesis.

We also noticed a high degree of sequence conservation at Thr'2* and Ser®®’ of
eye-PKC respectively, with mammalian PKC. In mammalian PKC, these residues are
known to be either phosphorylated by PDK-1, or autophosphorylated (Figure 19).
However, the phosphorylation status of these two residues in eye-PKC in vivo is not
known.

We also generated a catalytically competent recombinant eye-PKC in Sf9 cells.
The advantage of using insect cells to express a conventional PKC is due to the

preservation of post-translational modifications that are required for attaining the

catalytic competence of a PKC, as shown previously for recombinant rat PKCBII (143).
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Initially, we expressed a His-tagged eye-PKC in Sf9 cells, but this recombinant eye-PKC
was not able to phosphorylate a highly specific PKC substrate. This may be because the
His tag interferes with the proper folding or functional properties of the enzyme, or
because we have not used the right assay. To avoid any interference of the His tag with
the activity of eye-PKC, we generated a recombinant eye-PKC without a tag. Moreover,
we employed a modified eye-PKC assay to address the kinase activity. In Drosophila,
eye-PKC is anchored to the INAD complex by direct binding to INAD. INAD also
interacts with NORPA and the TRP calcium channel. Here, we show that recombinant
eye-PKC is able to bind and phosphorylate a fusion protein containing the first and
second PDZ domains of INAD. In contrast, this recombinant eye-PKC does not bind and

206-1273 This result is consistent with our

phosphorylate the fusion protein containing TRP
previous data showing that phosphorylation of TRP requires INAD to anchor eye-PKC

from fly head extracts (see Chapter II).

Summary and Future directions
In conclusion, here we report that eye-PKC is phosphorylated in vivo at Thr®”', a
highly conserved autophosphorylation site that may play a role in maturation of eye-
PKC. We also generated a catalytically competent eye-PKC, using the baculovirus
infection of insect cells. To gain better insight into the regulation of eye-PKC by
phosphorylation, more studies are needed. The availability of a heterologous expression

system in which eye-PKC can be obtained and studied, is a first step in unveiling details

regarding the regulation of eye-PKC. We also believe that generating and characterizing
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functionally transgenic flies lacking the phosphorylation site at Thr’* may reveal

important details regarding the regulation of eye-PKC in vivo.
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Figure 19. Sequence alignment of catalytic domains of various PKCs. The three
conserved phosphorylation sites known to be important for regulation of vertebrates
PKCs are indicated in gray and yellow. Based on sequence homology, Thr®”' of eye-PKC,
shaded in yellow, is located within the turn motif of the enzyme. The ATP-binding
domain, catalytic core, activation loop, turn and hydrophobic motifs are indicated.
dmeye-PKC, Drosophila melanogaster eye-PKC, cveye-PKC, Calliphora vicinia eye-
PKC, hsPKCa, Homo sapiens PKCa, hsPKCB1, Homo sapiens PKCB1. The alignment
was done using MultAlin software (http://prodes.toulouse.inra.fr/multalin/multalin.html).
Highly conserved residues are denoted in red, low conserved residues are denoted in
blue.
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DFN FLMVLGKGSF GKVMLSERKG TDELYAVKIL KKDVVIQDDD VECTMVEKRV LALPGKPPFL TQLHSCFQTM DRLYFVMEYV NGGDLMYHIQ QVGRFKEPHA VFYAAEIAIG

ATP-binding

Catalytic Core

LFFLHERDI
LFFLHERRII
LFFLHKRGII
LFFLQSKGI I

FSVEAMDIIT
FTQESMDIIT
LSKEAVSICK
MSKEAVAICK

YRDLKLDNIL
YRDLKLDNIL
YRDLKLDNVM
YRDLKLDNVM

SFLTKKPNNR
SFLAKKPNNR
GLMTKHPAKR
GLMTKHPGKR

LDGEGHVKLV
LDVEGHVKLT
LDSEGHIKIA
LDSEGHIKIA

LGAGRYARQE
LGAGRYARTE

LGCGPEGERD
LGCGPEGERD

Activation Loop
DFGLSKEGVT ERQTTRTFCG TPNYMAPEIV
DFGLSKDNVA EGDTTKTFCG TSSYMAPEI I

DFGMCKEHMM DGVTTRTFCG TPDYIAPEII
DFGMCKENIW DGVTTKTFCG TPDYIAPEII

ITTHPFFRNV DWDKAEACE- MEPPIKPMIK
IQTHPFYQGY DWEAAEAVDW IDPPIVPHIK

VREHAFFRRI DWEKLENRE- 1QPPFKPKVC
IKEHAFFRY I DWEKLERKE- 1QPPYKPKAR

SYDPYSIAAD
MCEPYNHTVD

AYQPYGKSVD
AYQPYGKSVD

HRKDISNFDD
HRKDICNFDQ
GK-GAENFDK
DKRDTSNFDK

WWSFGVLLFE
WWAYGVFLYE
WWAYGVLLYE
WWAFGVLLYE

Turn
AFTKEKTDLT
NFTKEKTDLT

FFTRGQPVLT
EFTRQPVELT

FMAGQAPFEG
MMAGQQPFEG
MLAGQPPFDG
MLAGQAPFEG

Motif

PTDKLFMMNL
PTDKLFMMNL
PPDQLVIANI
PTDKLFIMNL

DDETTVFRNI KDKKAVFPKH
DDDSTIFKNT KEKKAVFPKH
EDEDELFQSI MEHNVSYPKS
EDEDELFQS1 MEHNVAYPKS

Hydrophobic motif
DQONDFIGFSF MNPEFITII
DQNDFIGFSY MNPEFITMI
DQSDFEGFSY VNPQFVHPILQSAV
DQNEFAGFSY TNPEFVINV



CHAPTER V

SUMMARY AND FUTURE DIRECTIONS

The wealth of information regarding the involvement of TRP channels in different
physiological and pathological processes prompt the development of various strategies to
intervene and study the function of TRP channels. One of these strategies is to study TRP
in Drosophila (13). Drosophila is an attractive model system for understanding basic
molecular mechanisms that underlie many biological processes. Particularly, Drosophila
visual signaling is a G-protein coupled signaling pathway that shares similarities with the
phototransduction pathway in vertebrates pPRGCs. Mammalian pRGC detects irradiance
(the environmental brightness) (5). Therefore, understanding Drosophila visual signaling
can give us insight into not only how other TRP channels are regulated, but also the
mechanism of pRGCs visual signaling.

In Drosophila photoreceptors, eye-PKC is crucial for deactivation of the light
response (53). However, the molecular details remained elusive. This thesis describes the

identification of an eye-PKC phosphorylation site in TRP, Ser’**

, which is important for
deactivation of the visual signaling. We show that transgenic flies lacking this
phosphorylation sites exhibit defects in deactivation in response to bright light (see
Chapter II). We also show that phosphorylation of the TRP channel by eye-PKC depends
on the scaffolding protein INAD, which positions eye-PKC in close proximity to TRP

982

(Chapter II). To further characterize how phosphorylation of TRP at Ser affects the

TRP function, intracellular recordings can be employed. In addition, one can generate

transgenic flies in which the phosphorylation state at Ser’®* is mimicked by Asp (trp>**")
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substitution, and assess these flies electrophysiologically.
In Chapter III, we investigated another potential phosphorylation site at Ser®**.

Our preliminary data indicate that Ser®*

does not play a role in regulation of the light
response, since transgenic flies lacking this phosphorylation site exhibit normal response
to light stimulation. Expression of variable levels of TRP in these transgenic flies is
intriguing, and awaits further investigation. This can be presumably addressed by
exploring whether this is an age- or light-dependent process, or whether it is due to
variable expression of the modified TRP. If this is an age- or light dependent process,
phosphorylation at Ser*®* may regulate the stability of TRP. The TRP-INAD interaction
has been reported to be important for retaining TRP within rhabdomeres, and also for its
protein stability (149). Therefore, to investigate whether a lack of phosphorylation at
Ser®® in trp*®** disrupts the interaction between INAD and TRP, immunoprecipitation
studies can be employed.

Finally, in Chapter IV, we show that eye-PKC is phosphorylated in vivo at Thr”".

Thr®”! is present within the turn motif of eye-PKC, and is evolutionary conserved. Thr®”'

corresponds to Thr®® and Thr®* of human PKCa and PKCBI, respectively, which have
been indicated previously to be essential for attaining the catalytic competence of these
two enzymes (101, 154). To investigate the functional significance of eye-PKC

671

phosphorylation at Thr’*', one can generate transgenic flies either lacking this

1 .
71 "and characterize

phosphorylation site, or mimicking the phosphorylation state at Thr
these flies biochemically and electrophysiologically. In Chapter IV we also report

generation of a recombinant eye-PKC in Sf9 cells. The availability of a heterologous
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expression system in which eye-PKC can be obtained and studied will provide useful

information concerning regulation of eye-PKC by phosphorylation.

In conclusion, we have identified an eye-PKC phosphorylation site in TRP, at
Ser’™®. Our work demonstrates that phosphorylation of Ser’® in TRP by eye-PKC is
important for deactivation of the Drosophila visual signaling. We also found that eye-

671

PKC is phosphorylated in vivo at Thr’"". The functional significance of phosphorylation

of eye-PKC at this site requires further investigations.

93



10.

1.

12.

BIBLIOGRAPHY

Peirson, S., and Foster, R. G. (2006) Melanopsin: another way of signaling light,
Neuron 49, 331-9.

Provencio, 1., Jiang, G., De Grip, W. J., Hayes, W. P., and Rollag, M. D. (1998)
Melanopsin: An opsin in melanophores, brain, and eye, Proc Natl Acad Sci U S A
95, 340-5.

Provencio, 1., Rodriguez, 1. R., Jiang, G., Hayes, W. P., Moreira, E. F., and
Rollag, M. D. (2000) A novel human opsin in the inner retina, J Neurosci 20, 600-
5.

Pepe, I. M. (1999) Rhodopsin and phototransduction, J Photochem Photobiol B
48, 1-10.

Panda, S., Nayak, S. K., Campo, B., Walker, J. R., Hogenesch, J. B., and Jegla, T.
(2005) Illumination of the melanopsin signaling pathway, Science 307, 600-4.

Dacey, D. M., Liao, H. W., Peterson, B. B., Robinson, F. R., Smith, V. C,,
Pokorny, J., Yau, K. W., and Gamlin, P. D. (2005) Melanopsin-expressing
ganglion cells in primate retina signal colour and irradiance and project to the
LGN, Nature 433, 749-54.

Sekaran, S., Foster, R. G., Lucas, R. J., and Hankins, M. W. (2003) Calcium
imaging reveals a network of intrinsically light-sensitive inner-retinal neurons,
Curr Biol 13, 1290-8.

Warren, E. J., Allen, C. N., Brown, R. L., and Robinson, D. W. (2003) Intrinsic
light responses of retinal ganglion cells projecting to the circadian system, Eur J
Neurosci 17, 1727-35.

Bloomquist, B. T., Shortridge, R. D., Schneuwly, S., Perdew, M., Montell, C.,
Steller, H., Rubin, G., and Pak, W. L. (1988) Isolation of a putative phospholipase
C gene of Drosophila, norpA, and its role in phototransduction, Cell 54, 723-33.

Montell, C. (1999) Visual transduction in Drosophila, Annu Rev Cell Dev Biol 15,
231-68.

Pak, W. L., and Leung, H. T. (2003) Genetic approaches to visual transduction in
Drosophila melanogaster, Receptors Channels 9, 149-67.

Pak, W. L. (1995) Drosophila in vision research. The Friedenwald Lecture, Invest
Ophthalmol Vis Sci 36, 2340-57.

94



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Cosens, D. J., and Manning, A. (1969) Abnormal electroretinogram from a
Drosophila mutant, Nature 224, 285-7.

Montell, C., Birnbaumer, L., and Flockerzi, V. (2002) The TRP channels, a
remarkably functional family, Cell 108, 595-8.

Montell, C. (2005) Drosophila TRP channels, Pflugers Arch 451, 19-28.

Zuker, C. S., Cowman, A. F., and Rubin, G. M. (1985) Isolation and structure of a
rhodopsin gene from D. melanogaster, Cell 40, 851-8.

Wernet, M. F., Labhart, T., Baumann, F., Mazzoni, E. O., Pichaud, F., and
Desplan, C. (2003) Homothorax switches function of Drosophila photoreceptors
from color to polarized light sensors, Cell 115, 267-79.

Shieh, B. H., Stamnes, M. A., Seavello, S., Harris, G. L., and Zuker, C. S. (1989)
The ninaA gene required for visual transduction in Drosophila encodes a
homologue of cyclosporin A-binding protein, Nature 338, 67-70.

Colley, N. J., Baker, E. K., Stamnes, M. A., and Zuker, C. S. (1991) The
cyclophilin homolog ninaA is required in the secretory pathway, Cell 67, 255-63.

Rosenbaum, E. E., Hardie, R. C., and Colley, N. J. (2006) Calnexin is essential
for rhodopsin maturation, Ca2+ regulation, and photoreceptor cell survival,
Neuron 49, 229-41.

Paulsen, R., and Schwemer, J. (1983) Biogenesis of blowfly photoreceptor
membranes is regulated by 11-cis-retinal, Eur J Biochem 137, 609-14.

Bahner, M., Sander, P., Paulsen, R., and Huber, A. (2000) The visual G protein of
fly photoreceptors interacts with the PDZ domain assembled INAD signaling

complex via direct binding of activated Galpha(q) to phospholipase cbeta, J Biol
Chem 275, 2901-4.

Scott, K., Becker, A., Sun, Y., Hardy, R., and Zuker, C. (1995) Gq alpha protein
function in vivo: genetic dissection of its role in photoreceptor cell physiology,
Neuron 15, 919-27.

Cronin, M. A., Diao, F., and Tsunoda, S. (2004) Light-dependent subcellular
translocation of Gqalpha in Drosophila photoreceptors is facilitated by the
photoreceptor-specific myosin III NINAC, J Cell Sci 117, 4797-806.

Elia, N., Frechter, S., Gedi, Y., Minke, B., and Selinger, Z. (2005) Excess of

Gbetae over Gqalphae in vivo prevents dark, spontaneous activity of Drosophila
photoreceptors, J Cell Biol 171, 517-26.

95



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Niemeyer, B. A., Suzuki, E., Scott, K., Jalink, K., and Zuker, C. S. (1996) The
Drosophila light-activated conductance is composed of the two channels TRP and
TRPL, Cell 85, 651-9.

Reuss, H., Mojet, M. H., Chyb, S., and Hardie, R. C. (1997) In vivo analysis of
the drosophila light-sensitive channels, TRP and TRPL, Neuron 19, 1249-59.

Raghu, P., Usher, K., Jonas, S., Chyb, S., Polyanovsky, A., and Hardie, R. C.
(2000) Constitutive activity of the light-sensitive channels TRP and TRPL in the
Drosophila diacylglycerol kinase mutant, rdgA, Neuron 26, 169-79.

Chyb, S., Raghu, P., and Hardie, R. C. (1999) Polyunsaturated fatty acids activate
the Drosophila light-sensitive channels TRP and TRPL, Nature 397, 255-9.

Raghu, P., Colley, N. J., Webel, R., James, T., Hasan, G., Danin, M., Selinger, Z.,
and Hardie, R. C. (2000) Normal phototransduction in Drosophila photoreceptors
lacking an InsP(3) receptor gene, Mol Cell Neurosci 15, 429-45.

Smith, D. P., Ranganathan, R., Hardy, R. W., Marx, J., Tsuchida, T., and Zuker,
C. S. (1991) Photoreceptor deactivation and retinal degeneration mediated by a
photoreceptor-specific protein kinase C, Science 254, 1478-84.

Ranganathan, R., Harris, G. L., Stevens, C. F., and Zuker, C. S. (1991) A
Drosophila mutant defective in extracellular calcium-dependent photoreceptor
deactivation and rapid desensitization, Nature 354, 230-2.

Jiang, H., Lyubarsky, A., Dodd, R., Vardi, N., Pugh, E., Baylor, D., Simon, M. 1,
and Wu, D. (1996) Phospholipase C beta 4 is involved in modulating the visual
response in mice, Proc Natl Acad Sci U S A 93, 14598-601.

Phillips, A. M., Bull, A., and Kelly, L. E. (1992) Identification of a Drosophila
gene encoding a calmodulin-binding protein with homology to the trp
phototransduction gene, Neuron 8, 631-42.

Montell, C., and Rubin, G. M. (1989) Molecular characterization of the
Drosophila trp locus: a putative integral membrane protein required for
phototransduction, Neuron 2, 1313-23.

Montell, C., Jones, K., Hafen, E., and Rubin, G. (1985) Rescue of the Drosophila
phototransduction mutation trp by germline transformation, Science 230, 1040-3.

Ramsey, I. S., Delling, M., and Clapham, D. E. (2005) An Introduction to TRP
Channels, Annu Rev Physiol 68, 619-47.

96



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Minke, B. (2001) The TRP channel and phospholipase C-mediated signaling, Cell
Mol Neurobiol 21, 629-43.

Chevesich, J., Kreuz, A. J., and Montell, C. (1997) Requirement for the PDZ
domain protein, INAD, for localization of the TRP store-operated channel to a
signaling complex, Neuron 18, 95-105.

Li, H. S., and Montell, C. (2000) TRP and the PDZ protein, INAD, form the core
complex required for retention of the signalplex in Drosophila photoreceptor
cells, J Cell Biol 150, 1411-22.

Sinkins, W. G., Vaca, L., Hu, Y., Kunze, D. L., and Schilling, W. P. (1996) The
COOH-terminal domain of Drosophila TRP channels confers thapsigargin
sensitivity, J Biol Chem 271, 2955-60.

Shieh, B. H., and Zhu, M. Y. (1996) Regulation of the TRP Ca2+ channel by
INAD in Drosophila photoreceptors, Neuron 16, 991-8.

Montell, C. (2004) Molecular genetics of Drosophila TRP channels, Novartis
Found Symp 258, 3-12; discussion 12-7, 98-102, 263-6.

Bahner, M., Frechter, S., Da Silva, N., Minke, B., Paulsen, R., and Huber, A.
(2002) Light-regulated subcellular translocation of Drosophila TRPL channels

induces long-term adaptation and modifies the light-induced current, Neuron 34,
83-93.

Shieh BH, Zhu MY, Lee JK, Kelly IM, and Bahiraei F. (1997) Association of
INAD with NORPA is essential for controlled activation and deactivation of
Drosophila phototransduction in vivo. Proc Natl Acad Sci U S A. 94(23):12682-7.

Tsunoda, S., Sierralta, J., Sun, Y., Bodner, R., Suzuki, E., Becker, A., Socolich,
M., and Zuker, C. S. (1997) A multivalent PDZ-domain protein assembles
signalling complexes in a G-protein-coupled cascade, Nature 388, 243-9.

Tsunoda, S., Sun, Y., Suzuki, E., and Zuker, C. (2001) Independent anchoring and
assembly mechanisms of INAD signaling complexes in Drosophila
photoreceptors, J Neurosci 21, 150-8.

Xu, X. Z., Choudhury, A., Li, X., and Montell, C. (1998) Coordination of an array
of signaling proteins through homo- and heteromeric interactions between PDZ
domains and target proteins, J Cell Biol 142, 545-55.

Kimple, M. E., Siderovski, D. P., and Sondek, J. (2001) Functional relevance of

the disulfide-linked complex of the N-terminal PDZ domain of InaD with NorpA,
Embo J 20, 4414-22.

97


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Shieh+BH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Zhu+MY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Lee+JK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Kelly+IM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Bahiraei+F%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Proc%20Natl%20Acad%20Sci%20U%20S%20A.');

50.

51.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Wes, P. D, Xu, X. Z., Li, H. S., Chien, F., Doberstein, S. K., and Montell, C.
(1999) Termination of phototransduction requires binding of the NINAC myosin
11 and the PDZ protein INAD, Nat Neurosci 2, 447-53.

Philipp, S., and Flockerzi, V. (1997) Molecular characterization of a novel human
PDZ domain protein with homology to INAD from Drosophila melanogaster,
FEBS Lett 413, 243-8.

Adamski, F. M., Zhu, M. Y., Bahiraei, F., and Shich, B. H. (1998) Interaction of
eye protein kinase C and INAD in Drosophila. Localization of binding domains

and electrophysiological characterization of a loss of association in transgenic
flies, J Biol Chem 273, 17713-9.

Liu, M., Parker, L. L., Wadzinski, B. E., and Shieh, B. H. (2000) Reversible
phosphorylation of the signal transduction complex in Drosophila photoreceptors,
J Biol Chem 275, 12194-9.

Huber, A., Sander, P., and Paulsen, R. (1996) Phosphorylation of the InaD gene
product, a photoreceptor membrane protein required for recovery of visual
excitation, J Biol Chem 271, 11710-7.

Huber, A., Sander, P., Bahner, M., and Paulsen, R. (1998) The TRP Ca2+ channel
assembled in a signaling complex by the PDZ domain protein INAD is
phosphorylated through the interaction with protein kinase C (ePKC), FEBS Lett
425, 317-22.

Postma, M., Oberwinkler, J., and Stavenga, D. G. (1999) Does Ca2+ reach
millimolar concentrations after single photon absorption in Drosophila
photoreceptor microvilli?, BiophysJ 77, 1811-23.

Hong, Y. S., Park, S., Geng, C., Baek, K., Bowman, J. D., Yoon, J., and Pak, W.
L. (2002) Single amino acid change in the fifth transmembrane segment of the

TRP Ca2+ channel causes massive degeneration of photoreceptors, J Biol Chem
277,33884-9.

Salinska, E., Danysz, W., and Lazarewicz, J. W. (2005) The role of excitotoxicity
in neurodegeneration, Folia Neuropathol 43, 322-39.

Hardie, R. C. (1991) Whole-Cell Recordings of the Light Induced Current in
Dissociated Drosophila Photoreceptors: Evidence for Feedback by Calcium
Permeating the Light-Sensitive Channels, Proc. Royal Soc., London Ser. B-Biol.
Sci. 245, 203-210.

Ranganathan, R., Bacskai, B. J., Tsien, R. Y., and Zuker, C. S. (1994) Cytosolic

calcium transients: spatial localization and role in Drosophila photoreceptor cell
function, Neuron 13, 837-48.

98



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

77.

Peretz, A., Suss-Toby, E., Rom-Glas, A., Arnon, A., Payne, R., and Minke, B.
(1994) The light response of Drosophila photoreceptors is accompanied by an
increase in cellular calcium: effects of specific mutations, Neuron 12, 1257-67.

Scott, K., and Zuker, C. (1997) Lights out: deactivation of the phototransduction
cascade, Trends Biochem Sci 22, 350-4.

Zuker, C. S. (1996) The biology of vision of Drosophila, Proc Natl Acad Sci U S
A 93, 571-6.

Cook, B., Bar-Yaacov, M., Cohen Ben-Ami, H., Goldstein, R. E., Paroush, Z.,
Selinger, Z., and Minke, B. (2000) Phospholipase C and termination of G-protein-
mediated signalling in vivo, Nat Cell Biol 2, 296-301.

Matsumoto, H., and Pak, W. L. (1984) Light-induced phosphorylation of retina-
specific polypeptides of Drosophila in vivo, Science 223, 184-6.

Lee, S. J., Xu, H., and Montell, C. (2004) Rhodopsin kinase activity modulates
the amplitude of the visual response in Drosophila, Proc Natl Acad Sci U S A 101,
11874-9.

Ranganathan, R., and Stevens, C. F. (1995) Arrestin binding determines the rate
of inactivation of the G protein-coupled receptor rhodopsin in vivo, Cell 81, 841-
8.

Satoh, A. K., and Ready, D. F. (2005) Arrestinl mediates light-dependent
rhodopsin endocytosis and cell survival, Curr Biol 15, 1722-33.

Matsumoto, H., Kurien, B. T., Takagi, Y., Kahn, E. S., Kinumi, T., Komori, N.,
Yamada, T., Hayashi, F., Isono, K., Pak, W. L., and et al. (1994) Phosrestin I
undergoes the earliest light-induced phosphorylation by a calcium/calmodulin-
dependent protein kinase in Drosophila photoreceptors, Neuron 12, 997-1010.

Kahn, E. S., and Matsumoto, H. (1997) Calcium/calmodulin-dependent kinase II
phosphorylates Drosophila visual arrestin, J Neurochem 68, 169-75.

Alloway, P. G., and Dolph, P. J. (1999) A role for the light-dependent
phosphorylation of visual arrestin, Proc Natl Acad Sci U S A 96, 6072-7.

Matsumoto, H., Kahn, E. S., and Komori, N. (1999) The emerging role of mass
spectrometry in molecular biosciences: studies of protein phosphorylation in fly

eyes as an example, Novartis Found Symp 224, 225-44; discussion 244-8.

Sinkins, W. G., Goel, M., Estacion, M., and Schilling, W. P. (2004) Association
of immunophilins with mammalian TRPC channels, J Biol Chem. 279, 34521-9.

99



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Yuan, J. P., Kiselyov, K., Shin, D. M., Chen, J., Shcheynikov, N., Kang, S. H.,
Dehoff, M. H., Schwarz, M. K., Seeburg, P. H., Muallem, S., and Worley, P. F.
(2003) Homer binds TRPC family channels and is required for gating of TRPC1
by IP3 receptors, Cell 114, 777-89.

Ahmmed, G. U., Mehta, D., Vogel, S., Holinstat, M., Paria, B. C., Tiruppathi, C.,
and Malik, A. B. (2004) Protein kinase Calpha phosphorylates the TRPCI
channel and regulates store-operated Ca2+ entry in endothelial cells, J Biol Chem
279, 20941-9.

Nilius, B., Prenen, J., Tang, J., Wang, C., Owsianik, G., Janssens, A., Voets, T.,
and Zhu, M. X. (2005) Regulation of the Ca2+ sensitivity of the nonselective
cation channel TRPM4, J Biol Chem 280, 6423-33.

Tominaga, M., Numazaki, M., lida, T., Moriyama, T., Togashi, K., Higashi, T.,
Murayama, N., and Tominaga, T. (2004) Regulation mechanisms of vanilloid
receptors, Novartis Found Symp 261, 4-12; discussion 12-8, 47-54.

Lee, S. Y., Lee, J. H., Kang, K. K., Hwang, S. Y., Choi, K. D., and Oh, U. (2005)
Sensitization of vanilloid receptor involves an increase in the phosphorylated
form of the channel, Arch Pharm Res 28, 405-12.

Trebak, M., Hempel, N., Wedel, B. J., Smyth, J. T., Bird, G. S., and Putney, J. W.,
Jr. (2005) Negative regulation of TRPC3 channels by protein kinase C-mediated
phosphorylation of serine 712, Mol Pharmacol 67, 558-63.

Odell, A. F., Scott, J. L., and Van Helden, D. F. (2005) Epidermal growth factor
induces tyrosine phosphorylation, membrane insertion, and activation of transient
receptor potential channel 4, J Biol Chem 280, 37974-87.

Zhu, M. H., Chae, M., Kim, H. J., Lee, Y. M., Kim, M. J., Jin, N. G., Yang, D. K.,
So, 1., and Kim, K. W. (2005) Desensitization of canonical transient receptor
potential channel 5 by protein kinase C, Am J Physiol Cell Physiol 289, C591-
600.

Kim, J. Y., and Saffen, D. (2005) Activation of M1 muscarinic acetylcholine
receptors stimulates the formation of a multiprotein complex centered on TRPC6
channels, J Biol Chem 280, 32035-47.

Venkatachalam, K., Zheng, F., and Gill, D. L. (2004) Control of TRPC and store-
operated channels by protein kinase C, Novartis Found Symp 258, 172-85;
discussion 185-8, 263-6.

Shi, J., Mori, E., Mori, Y., Mori, M., Li, J., Ito, Y., and Inoue, R. (2004) Multiple

regulation by calcium of murine homologues of transient receptor potential
proteins TRPC6 and TRPC7 expressed in HEK293 cells, J Physiol 561, 415-32.

100



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Premkumar, L. S., Raisinghani, M., Pingle, S. C., Long, C., and Pimentel, F.
(2005) Downregulation of transient receptor potential melastatin 8 by protein
kinase C-mediated dephosphorylation, J Neurosci 25, 11322-9.

Kwan, H. Y., Huang, Y., and Yao, X. (2006) Protein kinase C can inhibit TRPC3
channels indirectly via stimulating protein kinase G, J Cell Physiol. 207(2):315-
21.

Vazquez, G., Wedel, B. J., Kawasaki, B. T., Bird, G. S., and Putney, J. W., Jr.
(2004) Obligatory role of Src kinase in the signaling mechanism for TRPC3
cation channels, J Biol Chem 279, 40521-8.

Hisatsune, C., Kuroda, Y., Nakamura, K., Inoue, T., Nakamura, T., Michikawa,
T., Mizutani, A., and Mikoshiba, K. (2004) Regulation of TRPC6 channel activity
by tyrosine phosphorylation, J Biol Chem 279, 18887-94.

Jiang, X., Newell, E. W., and Schlichter, L. C. (2003) Regulation of a TRPM7-
like current in rat brain microglia, J Biol Chem 278, 42867-76.

Xu, H., Zhao, H., Tian, W., Yoshida, K., Roullet, J. B., and Cohen, D. M. (2003)
Regulation of a transient receptor potential (TRP) channel by tyrosine
phosphorylation. SRC family kinase-dependent tyrosine phosphorylation of
TRPV4 on TYR-253 mediates its response to hypotonic stress, J Biol Chem 278,
11520-7.

Wu, Z. Z., Chen, S. R, and Pan, H. L. (2005) Transient receptor potential
vanilloid type 1 activation down-regulates voltage-gated calcium channels

through calcium-dependent calcineurin in sensory neurons, J Biol Chem 280,
18142-51.

Mohapatra, D. P., and Nau, C. (2005) Regulation of Ca2+-dependent
desensitization in the vanilloid receptor TRPV1 by calcineurin and cAMP-

dependent protein kinase, J Biol Chem 280, 13424-32.

Aiello, L. P. (2002) The potential role of PKC beta in diabetic retinopathy and
macular edema, Surv Ophthalmol 47 Suppl 2, S263-9.

Sun, M. K., and Alkon, D. L. (2005) Protein kinase C isozymes: memory
therapeutic potential, Curr Drug Targets CNS Neurol Disord 4, 541-52.

Bright, R., and Mochly-Rosen, D. (2005) The role of protein kinase C in cerebral
ischemic and reperfusion injury, Stroke 36, 2781-90.

101



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

Salamanca, D. A., and Khalil, R. A. (2005) Protein kinase C isoforms as specific
targets for modulation of vascular smooth muscle function in hypertension,
Biochem Pharmacol 70, 1537-47.

Newton, A. C. (2003) Regulation of the ABC kinases by phosphorylation: protein
kinase C as a paradigm, Biochem J 370, 361-71.

Newton, A. C. (1995) Protein kinase C. Seeing two domains, Curr Biol 5, 973-6.

Higashida, H., Hoshi, N., Zhang, J. S., Yokoyama, S., Hashii, M., Jin, D., Noda,
M., and Robbins, J. (2005) Protein kinase C bound with A-kinase anchoring
protein is involved in muscarinic receptor-activated modulation of M-type KCNQ
potassium channels, Neurosci Res 51, 231-4.

Hoshi, N., Zhang, J. S., Omaki, M., Takeuchi, T., Yokoyama, S., Wanaverbecq,
N., Langeberg, L. K., Yoneda, Y., Scott, J. D., Brown, D. A., and Higashida, H.
(2003) AKAPI150 signaling complex promotes suppression of the M-current by
muscarinic agonists, Nat Neurosci 6, 564-71.

Gong, J., Xu, J., Bezanilla, M., van Huizen, R., Derin, R., and Li, M. (1999)
Differential stimulation of PKC phosphorylation of potassium channels by ZIP1
and ZIP2, Science 285, 1565-9.

Roska, B., and Werblin, F. (2001) Vertical interactions across ten parallel, stacked
representations in the mammalian retina, Nature 410, 583-7.

Croci, C., Brandstatter, J. H., and Enz, R. (2003) ZIP3, a new splice variant of the
PKC-zeta-interacting protein family, binds to GABAC receptors, PKC-zeta, and
Kv beta 2, J Biol Chem 278, 6128-35.

Dahan, D., Evagelidis, A., Hanrahan, J. W., Hinkson, D. A., Jia, Y., Luo, J., and
Zhu, T. (2001) Regulation of the CFTR channel by phosphorylation, Pflugers
Arch 443 Suppl 1, S92-6.

Liedtke, C. M., Yun, C. H., Kyle, N., and Wang, D. (2002) Protein kinase C
epsilon-dependent regulation of cystic fibrosis transmembrane regulator involves
binding to a receptor for activated C kinase (RACK1) and RACKI binding to
Na+/H+ exchange regulatory, J Biol Chem 277, 22925-33.

Maeno-Hikichi, Y., Chang, S., Matsumura, K., Lai, M., Lin, H., Nakagawa, N.,
Kuroda, S., and Zhang, J. F. (2003) A PKC epsilon-ENH-channel complex
specifically modulates N-type Ca2+ channels, Nat Neurosci 6, 468-75.

Hourez, R., Azdad, K., Vanwalleghem, G., Roussel, C., Gall, D., and Schiffmann,
S. N. (2005) Activation of protein kinase C and inositol 1,4,5-triphosphate

102



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

receptors antagonistically modulate voltage-gated sodium channels in striatal
neurons, Brain Res 1059, 189-96.

Chen, Y., Cantrell, A. R., Messing, R. O., Scheuer, T., and Catterall, W. A.
(2005) Specific modulation of Na+ channels in hippocampal neurons by protein
kinase C epsilon, J Neurosci 25, 507-13.

Baker, M. D. (2005) Protein kinase C mediates up-regulation of tetrodotoxin-
resistant, persistent Na+ current in rat and mouse sensory neurones, J Physiol 567,
851-67.

Talon, S., Giroux-Metges, M. A., Pennec, J. P., Guillet, C., Gascan, H., and
Gioux, M. (2005) Rapid protein kinase C-dependent reduction of rat skeletal
muscle voltage-gated sodium channels by ciliary neurotrophic factor, J Physiol
565, 827-41.

Hayashi, K., Wakino, S., Ozawa, Y., Homma, K., Kanda, T., Okubo, K.,
Takamatsu, I., Tatematsu, S., Kumagai, H., and Saruta, T. (2005) Role of protein
kinase C in Ca channel blocker-induced renal arteriolar dilation in spontaneously
hypertensive rats--studies in the isolated perfused hydronephrotic kidney, Keio J
Med 54, 102-8.

Navedo, M. F., Amberg, G. C., Votaw, V. S., and Santana, L. F. (2005)
Constitutively active L-type Ca2+ channels, Proc Natl Acad Sci U S A 102,
11112-7.

Zaldivar, D., Garcia, M. C., and Sanchez, J. A. (2005) Ciliary neurotrophic factor
promotes inactivation of muscle Ca2+ channels via PKC, Biochem Biophys Res
Commun 338, 1572-7.

Yang, L., Liu, G., Zakharov, S. L., Morrow, J. P., Rybin, V. O., Steinberg, S. F.,
and Marx, S. O. (2005) Ser1928 is a common site for Cav1.2 phosphorylation by
protein kinase C isoforms, J Biol Chem 280, 207-14.

Murbartian, J., Lei, Q., Sando, J. J., and Bayliss, D. A. (2005) Sequential
phosphorylation mediates receptor- and kinase-induced inhibition of TREK-1
background potassium channels, J Biol Chem 280, 30175-84.

van Huizen R, Miller K, Chen DM, Li Y, Lai ZC, Raab RW, Stark WS,
Shortridge RD, Li M. (1998) Two distantly positioned PDZ domains mediate

multivalent INAD-phospholipase C interactions essential for G protein-coupled
signaling. EMBO J. 17(8):2285-97.

Brown, S. G., Thomas, A., Dekker, L. V., Tinker, A., and Leaney, J. L. (2005)
PKC-delta sensitizes Kir3.1/3.2 channels to changes in membrane phospholipid

103


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22van+Huizen+R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Miller+K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Chen+DM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Li+Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Lai+ZC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Raab+RW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Stark+WS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Shortridge+RD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Li+M%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'EMBO%20J.');

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

levels after M3 receptor activation in HEK-293 cells, Am J Physiol Cell Physiol
289, C543-56.

Song, P., Yang, Y., Barnes-Davies, M., Bhattacharjee, A., Hamann, M., Forsythe,
I. D., Oliver, D. L., and Kaczmarek, L. K. (2005) Acoustic environment
determines phosphorylation state of the Kv3.1 potassium channel in auditory
neurons, Nat Neurosci 8, 1335-42.

Wang, G. L., Wang, G. X., Yamamoto, S., Ye, L., Baxter, H., Hume, J. R., and
Duan, D. (2005) Molecular mechanisms of regulation of fast-inactivating voltage-

dependent transient outward K+ current in mouse heart by cell volume changes, J
Physiol 568, 423-43.

Matsuda, S., Launey, T., Mikawa, S., and Hirai, H. (2000) Disruption of AMPA
receptor GIuR2 clusters following long-term depression induction in cerebellar
Purkinje neurons, Embo J 19, 2765-74.

Chung, H. J., Steinberg, J. P., Huganir, R. L., and Linden, D. J. (2003)
Requirement of AMPA receptor GluR2 phosphorylation for cerebellar long-term
depression, Science 300, 1751-5.

Lu, W., and Ziff, E. B. (2005) PICK1 interacts with ABP/GRIP to regulate
AMPA receptor trafficking, Neuron 47, 407-21.

Kondo, T., Kakegawa, W., and Yuzaki, M. (2005) Induction of long-term
depression and phosphorylation of the delta2 glutamate receptor by protein kinase
C in cerebellar slices, Eur J Neurosci 22, 1817-20.

Jackson, M. F., Konarski, J. Z., Weerapura, M., Czerwinski, W., and Macdonald,
J. F. (2006) Protein kinase C enhances glycine-insensitive desensitization of

NMDA receptors independently of previously identified protein kinase C sites, J
Neurochem. 96(6):1509-18.

Tingley, W. G., Ehlers, M. D., Kameyama, K., Doherty, C., Ptak, J. B., Riley, C.
T., and Huganir, R. L. (1997) Characterization of protein kinase A and protein
kinase C phosphorylation of the N-methyl-D-aspartate receptor NR1 subunit
using phosphorylation site-specific antibodies, J Biol Chem 272, 5157-66.

Scott, D. B., Blanpied, T. A., Swanson, G. T., Zhang, C., and Ehlers, M. D.
(2001) An NMDA receptor ER retention signal regulated by phosphorylation and
alternative splicing, J Neurosci 21, 3063-72.

Liao, G. Y., Wagner, D. A., Hsu, M. H., and Leonard, J. P. (2001) Evidence for

direct protein kinase-C mediated modulation of N-methyl-D-aspartate receptor
current, Mol Pharmacol 59, 960-4.

104



132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Gardoni, F., Bellone, C., Cattabeni, F., and Di Luca, M. (2001) Protein kinase C
activation modulates alpha-calmodulin kinase II binding to NR2A subunit of N-
methyl-D-aspartate receptor complex, J Biol Chem 276, 7609-13.

Thummel, C. S., and Pirrotta, V. (1992) New pCaSpeR P element vectors.
Drosoph. Inf. Serv. 71, 150.

Hansen, B.T., Davey, S.W., Ham, A.J. and Liebler, D.C. (2005) P-Mod: an
algorithm and software to map modifications to peptide sequences using tandem
MS data. J Proteome Res 4, 358-368.

Huber, A., Sander, P., Gobert, A., Bahner, M., Hermann, R., and Paulsen, R.
(1996) The transient receptor potential protein (Trp), a putative store-operated
Ca2+ channel essential for phosphoinositide-mediated photoreception, forms a
signaling complex with NorpA, InaC and InaD, Embo J 15, 7036-45.

Kumar, R., and Shieh, B. H. (2001) The second PDZ domain of INAD is a type I
domain involved in binding to eye protein kinase C. Mutational analysis and
naturally occurring variants, J Biol Chem 276, 24971-7.

Shieh, B. H., and Niemeyer, B. (1995) A novel protein encoded by the InaD gene
regulates recovery of visual transduction in Drosophila, Neuron 14, 201-10.

Henderson, S. R., Reuss, H., and Hardie, R. C. (2000) Single photon responses in
Drosophila photoreceptors and their regulation by Ca>*, J Physiol 524 Pt 1, 179-
94.

Pak, W. L. (1979) Study of photoreceptor function using Drosophila mutants.
Genetic Approaches to the Nervous System, Elsevier, New York, Neurogenetics,
pp. 66-79.

Yates, J. R., 3rd, Eng, J. K., McCormack, A. L., and Schieltz, D. (1995) Method
to correlate tandem mass spectra of modified peptides to amino acid sequences in
the protein database, Anal Chem 67, 1426-36.

Violin, J. D., and Newton, A. C. (2003) Pathway illuminated: visualizing protein
kinase C signaling, IUBMB Life 55, 653-60.

Hardie, R. C., Peretz, A., Suss-Toby, E., Rom-Glas, A., Bishop, S. A., Selinger,
Z., and Minke, B. (1993) Protein kinase C is required for light adaptation in
Drosophila photoreceptors, Nature 363, 634-7.

Flint, A. J., Paladini, R. D., and Koshland, D. E., Jr. (1990) Autophosphorylation

of protein kinase C at three separated regions of its primary sequence, Science
249, 408-11.

105



144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Dulhanty, A. M., and Riordan, J. R. (1994) Phosphorylation by cAMP-dependent
protein kinase causes a conformational change in the R domain of the cystic
fibrosis transmembrane conductance regulator, Biochemistry 33, 4072-9.

Edwards, A. S., and Newton, A. C. (1997) Phosphorylation at conserved
carboxyl-terminal hydrophobic motif regulates the catalytic and regulatory
domains of protein kinase C, J Biol Chem 272, 18382-90.

Hardie, R. C., and Minke, B. (1992) The trp gene is essential for a light-activated
Ca2+ channel in Drosophila photoreceptors, Neuron 8, 643-51.

Minke, B., and Parnas, M. (2006) Insights on trp channels from in vivo studies in
Drosophila, Annu Rev Physiol 68, 649-84.

Hardie, R. C. (2001) Phototransduction in Drosophila melanogaster, J Exp Biol
204, 3403-9.

Tsunoda, S., and Zuker, C. S. (1999) The organization of INAD-signaling
complexes by a multivalent PDZ domain protein in Drosophila photoreceptor
cells ensures sensitivity and speed of signaling, Cell Calcium 26, 165-71.

Gu, Y., Oberwinkler, J., Postma, M., and Hardie, R. C. (2005) Mechanisms of
light adaptation in Drosophila photoreceptors, Curr Biol 15, 1228-34.

Newton, A. C. (1997) Regulation of protein kinase C, Current Opinion in Cell
Biology 9, 161-167.

Ham, A.-J. (2005) Proteolytic Digestion Protocols. The Encyclopedia of Mass
Spectrometry, ed. R.M.G. Caprioli, M.L. Vol. 2 Biological Applications Part A:
Peptides and Proteins. Elsevier Ltd., Kidlington, Oxford, UK. pp. 10-17.

Borowski, P., Resch, K., Schmitz, H., and Heiland, M. (2000) A synthetic peptide
derived from the non-structural protein 3 of hepatitis C virus serves as a specific
substrate for PKC. Biol Chem 381, 19-27.

Keranen, L. M., Dutil, E. M., and Newton, A. C. (1995) Protein kinase C is
regulated in vivo by three functionally distinct phosphorylations, Curr Biol 5,
1394-1403.

Dutil, E. M., Toker, A., and Newton, A. C. (1998) Regulation of conventional
protein kinase C isozymes by phosphoinositide-dependent kinase 1 (PDK-1),
Curr Biol 8, 1366-75.

Newton, A. C. (2001) Protein kinase C: structural and spatial regulation by
phosphorylation, cofactors, and macromolecular interactions, Chem Rev 101,
2353-64.

106



157.

158.

159.

Behn-Krappa, A., and Newton, A. C. (1999) The hydrophobic phosphorylation
motif of conventional protein kinase C is regulated by autophosphorylation, Curr
Biol 9, 728-37.

Bornancin, F., and Parker, P. J. (1996) Phosphorylation of threonine 638 critically
controls the dephosphorylation and inactivation of protein kinase Calpha, Curr
Biol 6, 1114-23.

Edwards, A. S., Faux, M. C., Scott, J. D., and Newton, A. C. (1999) Carboxyl-

terminal phosphorylation regulates the function and subcellular localization of
protein kinase C betall, J Biol Chem 274, 6461-8.

107



	Preparation of fly head extracts. Approximately 100l young wild-type, inaD1 or InaDp215 fly heads were homogenized with 1 ml of extraction buffer or EB (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100 and a mixture of protease inhibitors). Head homogenates were incubated at 4 °C with constant agitation for 1 h. The mixture was then centrifuged for 10 min (12,000 X g), and the supernatant was used for the in vitro complex-dependent kinase assay. Protein concentrations were determined by BCA (Pierce).
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