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Summary

The main phototransduction cascade in invertebrate
visual cells involves the turnover of phosphatidylinositol,
an important biochemical mechanism common to many
signal-transduction systems. Light-activated rhodopsin

trisphosphate analogue. We detected an inositol-1,4,5-
trisphosphate-binding affinity in phospholipase C, receptor
kinase and five other proteins in the cytosolic fraction and,
surprisingly, rhodopsin in the membrane fraction. A

stimulates guanine nucleotide exchange on the Gq class of binding assay with3H-labelled inositol-1,4,5-trisphosphate

G-protein, which activates phospholipase C to hydrolyze
phosphatidylinositol 4,5-bisphosphate to inositol-1,4,5-
trisphosphate and diacylglycerol. Subsequently, inositol-
1,4,5-trisphosphate-binding proteins continue the signal
cascade. Here, we report on the first inositol-1,4,5-
trisphosphate-binding proteins demonstrated in an

invertebrate visual system with our investigation of the
photosensitive rhabdoms of squid. We screened the ability
of proteins to interact with inositol-1,4,5-trisphosphate by

affinity column chromatography with an inositol-1,4,5-

demonstrated the inositol-1,4,5-trisphosphate affinity of
each of the purified proteins. Since rhodopsin, receptor
kinase and phospholipase C are involved upstream of
phosphatidylinositol turnover in the signal cascade, our
result suggests that phosphatidylinositol turnover is
important in feedback pathways in the signalling system.

Key words: inositol-1,4,5-trisphosphate, phospholipase C, rhodopsin
kinase, rhodopsin, phototransduction, vision, cephalopod, squid,
Todarodes pacificus.

Introduction

In many cell types, stimulation

by hormones, 1991; Ranganathan et al., 1991). Because PI turnover generally

neurotransmitters and growth factors activates the hydrolysectivates PKC, it is also involved in deactivation and

of phosphatidylinositol 4,5-bisphosphate (B)IBatalyzed by

adaptation processes in invertebrate phototransduction.

phospholipase C (PLC) (Exton, 1996). Many studies have No previous study has reported an interaction between
demonstrated light-dependent phosphatidylinositol  (Pljnositol-1,4,5-trisphosphate @Pand proteins in an invertebrate
turnover through rhodopsin and a Gq class G-protein inisual system, although 4plays an important role as a second
invertebrate visual cells (Yarfits and Hurley, 1994). Studies ofnessenger continuing the signal cascade after PI turnover.
the cellular expression tp andtrpl genes, which are essential Here, we demonstrate an interaction between proteins gnd IP
for the light-induced cation conductance Drosophila in a rhabdomeric fraction of squid visual cells that produces
melanogastervisual cells (Niemeyer et al., 1996), havelPs3 in response to light (Vandenberg and Montal, 1984a;
demonstrated that the proteins TRP and TRPL haw CaVandenberg and Montal, 1984b; Szuts et al., 1986; Brown et
channel activity and that the channel gating mechanism &l., 1987; Wood et al., 1989). We investigated-biding
located downstream of Pl turnover (Friel, 1996; Montell, 1997proteins using affinity chromatography with a column coupled
Chyb et al.,, 1999). Phosphatidylinositol turnover is veryto a synthetic IP analogue. This K column has proved
important for the activation process in invertebrateexcellent for characterizing the specifig-finding activity of
phototransduction. Theédrosophila inaC gene encodes a proteins in rat brain (Hirata et al., 1990; Kanematsu et al.,
photoreceptor-specific protein kinase C (PKC) regulated b$992). The large eyes of squid provide a useful preparation
Céa2*and diacylglycerol (Smith et al., 1991). The INAC proteinfor biochemical techniques such as affinity chromatography,
is necessary for deactivation and desensitization (Smith et ahecause it is easy to collect sufficient proteins from the visual
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system for experimentation. We prepared two fractions from themembranes were further washed with saponin-free buffer C.
rhabdomeric microvillar fraction purified from squid visual After centrifugation, the pellet was resuspended in 2% sucrose
cells to load onto the ¥column. One was the buffer-soluble monolaurate (SML) in buffer B and incubated for 30 min on
fraction prepared by washing rhabdomeric membranes. Thee. After centrifugation at 1000@0at 4 °C for 20 min, the
other was the membrane protein fraction solubilized fronsupernatant was obtained. This extract, the membrane protein
washed rhabdomeric membranes using a detergent. Detectifsaction, was loaded onto the slRcolumn, and column
using specific antibodies indicated that elutions of the bufferehromatography was performed in the same way as for the
soluble fraction contained PLC and receptor kinase, whilduffer-soluble fraction except that it was washed with 0.2%
rhodopsin was present in the detergent-soluble fraction. SML in buffer B. The protein concentration of a sample, which
included the dense detergent, was determined as described by
) Brown et al. (Brown et al., 1989). The absorption of 206f
Materials and methods each fraction was measured at 490nm using a 96-well
Preparation of visual cell membranes microplate and a microplate reader.

Live squidTodarodes pacificugere collected in the Japan  Sodium dodecyl sulphate (SDS)—polyacrylamide gel
Sea at night by the research skipoukai-maru(Japan Sea electrophoresis (PAGE) was performed (following Laemmli,
National Fisheries Research Institute). They were frozen d1970). Slab gels were stained with Coomassie Brilliant Blue
—-40 °C after dark-adaptation and stored in the dark prior to us€CBB). Western blotting was carried out (according to
Under dim red light, frozen squid were partially thawed, and_auriere, 1993), and proteins were transferred to a
the frozen eyes were enucleated. The eye cups were prepapedyvinylidene difluoride (PVDF) membrane sheet to examine
and agitated in buffer A [20 mmofiHepes, pH7.5, 1mmoit  their immunoreactivity. Proteins bound to antibodies were
dithiothreitol (DTT), 1mmoltl CaCk, 1mmolfl MgCl,,  detected using an ABC kit (Wako Pure Chemical Industries,
400mmolfl NaCl, 0.1mmoltl phenylmethylsulphonyl Japan). AntiB-adrenergic receptor kinas@ARK) antibody
fluoride (PMSF), fumoll1 leupeptin, Jumolll E64] to  was purchased from Wako Pure Chemical Industries, Japan.
detach the outer segments from the visual cells. The outdmti-squid PLC antibody was a gift from Dr T. Suzuki. Anti-
segments were then collected by centrifugation at 3g®@0  squid rhodopsin antibody was a gift from Dr A. Terakita.
30min at 4°C and homogenized with 34 % sucrose in buffer
A. After centrifugation to remove any remaining screening Purification of phospholipase C
pigment, the floating membrane fraction consisting of detached Squid PLC was purified according to the method of Mitchell
rhabdomeric microvilli was diluted with an equal volume ofet al. (Mitchell et al., 1995) except that sulphate—Cellulofine
buffer A and centrifuged at 100 09Gor 30 min at 4°C. The (Seikagaku Kogyo Inc., Japan) was used instead of heparin
resulting rhabdomal membrane pellet was then resuspendedsepharose. The soluble fraction of squid microvilli was

buffer A (1 ml per retina) and stored in liquid nitrogen. loaded onto a sulphate column equilibrated with buffer D
o (20mmol ! Hepes, pH7.5, 1mmoit} DTT, 1mmolll
IP3 affinity column chromatography MgClz, 0.1 mmolt! PMSF) and eluted using a linear gradient

The IR analogue 2-[4-(5-aminoethyl-2-hydroxy- of NaCl (0 molt!to 1 molfY). The fractions containing PLC
phenylazo)benzoyl]-1,4,5-t-phosphonanycinositol was  were applied to a Bioscale-Q column (Bio-Rad) equilibrated
synthesized (Hirata et al., 1990) for ag ¢Blumn (bed volume with buffer D. The protein was eluted with a linear gradient of
1ml), which was prepared and equilibrated with buffer BNaCl (0 mol?to 1 molf1).

(20 mmol i1 Tris-HCI, pH 7.5, 100 mmoft NaCl, 1 mmolt1

DTT, 1mmolt! EDTA, 0.1mmolt! PMSF). Rhabdomal Purification of receptor kinase

membranes were washed by passage through a 21-gaugesquid receptor kinase was purified from the cytosolic extract
needle with buffer C [0.1% (w/v) saponin, 20 mméliHepes, of squid rhabdomeric membrane using a sulphate—Cellulofine
pH7.5, 1mmoltl DTT, 400mmoltl NaCl, 5mmolt!  column and a Q-column following the purification method
MgCl, 1mmolfl EGTA, 0.1mmoltl PMSF]. After described for octopus rhodopsin kinase (Kikkawa et al., 1998).
centrifugation at 100 009and 4 °C for 20 min, the supernatant

was dialyzed against buffer B, and 1 mg of protein was loaded Purification of rhodopsin

onto the IB column. The protein concentration of the The washed rhabdomeric membranes were dissolved in 2%
supernatant was determined using the method of BradfoSML in buffer E (20 mmoli! Hepes, pH7.5, 100 mmofy
(Bradford, 1976). NaCl, 1 mmolt1 DTT, 0.1 mmolt1 PMSF) and loaded onto a

After washing with 40 ml of buffer B, attached proteins wereDEAE—cellulose column pre-equilibrated with 0.2% SML in
eluted with 10mmol phytic acid in buffer B, and 1ml buffer E. The flow-through fraction was loaded onto a
fractions were collected. Samples (dpof each fraction were concanavalin A—Sepharose column (Amersham Pharmacia
added to 200l of Bradford’s solution on a 96-well microplate, Biotech) pre-equilibrated with 0.2% SML in buffer D.
and their absorption was measured at 590nm using After washing with five bed volumes of 0.2% SML in
microplate reader (NJ-2300; Intermed, Japan) to check tHmuffer E, rhodopsin was eluted with 100 mnmélla-p-
elution pattern. The washed and pelleted rhabdomerimethylglycomanoside and 1% SML in buffer E.
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IP3-binding assay [ A
The amount of3H]IP3 binding to each purified protein was

assayed as described by Hirata et al. (Hirata et al., 1990). T 04
assay mixture (0.45ml) contained 50 mmélITris-HCI
(pH 8.3), L mmoltl EDTA, 1 nmol 1 [3H]IP3 (0.37 kBq) and
the purified protein. After incubation on ice for 15min, bound
[3H]IP3 was separated from freéH]IP3 by precipitation by
the addition of 5@ of a solution of boving/-globulin and
0.5ml of polyethylene glycol 6000 (30%, w/w). After
centrifugation, the pellet was dissolved in 0.5 ml of 0.1 ol |
NaOH, and the level of radioactivity was determined by liquic 02 [
scintillation counting.

=
"
]

Absorption at 590 nm

1 2 3 4 5 6 7 8 9 10
Results Fraction number

Fig. 1A is a representative elution profile of the buffer-
soluble fraction of squid rhabdom, eluted in 10 fractions witrB L FT1 2 3 4 5 6 7 8 9 10
buffer containing phytic acid (inositol hexakisphosphate).

Elution with phytic acid produced at least eight proteins ir - = 200
SDS-PAGE (CBB-stained) (Fig. 1B). Each protein was name 3 - — —— - 116
according to its molecular mass as P130, P95, P77, P50, P: 95 me s — — =97
P32, P26 and P10. 77 - o ——— 66
Two proteins (P130 and P95) showed I&finity and 50 w= A . —— - 45
reacted with anti-PLC antibody (Suzuki et al., 1995b) 35 - “ e -
(Fig. 1C). The protein P130 is the squid visual PLC, which s 32 =~ — ‘=: - e )
classified as 84-type, and P95 is a PLC degradation produc 29 - s s o - 12412

(Mitchell et al., 1995; Suzuki et al., 1995a). Arg-lBinding

assay for purified squid PLC (P130) confirmed its ability tcC

bind IP; (Fig. 2). The IB-binding activity of squid PLC is 130 me-—— - — - — -

shown in Fig. 2B, which also shows the effect of including g5 m=—=" S ——

300umol It unlabelled IR in the assay. Fig. 2C shows that

PLC has higher affinity for than inositol tetrakisphosphate D

(IP4) in an inhibition assay that examinési[IP3 binding in 77 e - ——— -

the presence of various inositol polyphosphates. The level .

affinity does not correspond to the number of phosphate groujFig. 1. Representative elution profile of inositol-1,4,5-trisphosphate

present, suggesting that PLC has a specific binding activil(IP3) column affinity chromatography for the buffer-soluble fraction

with inositol phosphate. of squid rhabdoms. (A) Elution profile. Filled circles, absorption at
The protein P77 bound arfARK antibody (Fig. 1D), :‘SQQnm. (B) Coomassie-Brilliant-Blue-stained gel of the .fractions

indicating that P77 is a squid receptor kinase alli€@aK. indicated in A. L, loaded sample; FT,_ flow-through fraction. The

The protein P77 could be purified by the same method as thnumbers above each lane refer to fraction numbers. The numbers on

d hod N ki Kikk the right show molecular mass standards (kDa). The numbers on the
used to prepare octopus rhodopsin kinase (Kikkawa et Aeft give the molecular mass (kDa) of proteins showingalffinity.

1998). An IR-binding assay for purified squid receptor (C) Anti-phospholipase C (PLC) immunoblot. (D) ABtiadrenergic
kinase confirmed its ¥binding properties, as shown in yeceptor kinaseBARK) immunoblot.
Fig. 3. The squid receptor kinase showéH][Ps-binding
activity, which was reduced in the presence of 390l1-1
unlabelled IR (Fig. 3B). An inhibition assay shows that the 45kDa band in SDS-PAGE reacted with an anti-squid
level of affinity does not correspond to the number ofrhodopsin antibody (Fig. 4B,C). When purified rhodopsin was
phosphate groups present (Fig. 3C). The binding affinity o&ttached to the column, irradiation of the rhodopsin did not
the receptor kinase (Fig. 3C) is greater than that of PL@narkedly affect its binding to the 4Pcolumn (data not
(Fig. 2C), which corresponds to the finding that P77 showshown). An IB-binding assay for purified rhodopsin
longer tailing than P130 in the elution profile of the columnconfirmed its IB-binding properties (Fig. 5). Binding between
(Fig. 1B). squid rhodopsin ancifi]IP3 is shown in Fig. 5B. The effects
In Fig. 4, we show the result ofd@ffinity chromatography of various inositol polyphosphates on binding to rhodopsin are
for the membrane protein fraction. Our results show that squishown in Fig. 5C. IR and inositol pentakisphosphate )P
rhodopsin has an affinity for $because the eluate had anshow a higher binding affinity than 4Pand inositol
orange colour, with absorption at 490 nm (Fig. 4A), and théexakisphosphate (]
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trisphosphate (1§. (A) Purified PLC (130kDa) was subjected to
SDS-PAGE and stained with Coomassie Brilliant Blue (CBB). AFig. 3. Inositol-1,4,5-trisphosphate §)fbinding properties of squid
western blot probed with anti-PLC shows the reactivity of a CBBIeceptor kinase. (A) Purified receptor kinase was subjected to
stained protein. (B) WRbinding activity of purified PLC. Filed SDS-PAGE and stained with Coomassie Brilliant Blue (CBB) or
circles show §H]IP3 binding to varying amounts of PLC. Open transferred to PVDF membrane, where it is shown to bindBanti-
circles show §H]IP3 binding in the presence of 3pfnoll~2 IP3.  adrenergic receptor kinasgARK). (B) IPs-binding activity of purified
Values are means sEM. (N=6). (C) Competitive inhibition of receptor kinase. Filled circlesH]IP3 binding to increasing amounts of
[3H]IP3 binding to squid PLC by various inositol phosphates. Valuegeceptor kinase; open circles’H][IP3 binding in the presence of
are means s.eM. (N=6). Filled circles, inositol-1,4,5-trisphosphate; 300umoll™ IPs. Values are means gem. (N=6). (C) Competitive
open circles, inositol-1,4,5,6-tetrakisphosphate)(IBpen triangles,  inhibition of PH]IPs binding to squid receptor kinase by various
inositol pentakisphosphate gP open squares, inositol inositol phosphates. Values are meansetv. (N=6). Filled circles,
hexakisphosphate (] inositol-1,4,5-trisphosphate; open circles, inositol-1,4,5,6-
tetrakisphosphate (4 open triangles, inositol pentakisphosphate
(IPs); open squares, inositol hexakisphosphatg).(IP

Discussion

It has been reported (Szuts et al., 1986) that, in intact squilrLC, receptor kinase and rhodopsin arghiding proteins,
retinas, the amount of sPpresent was light-dependent, but noalthough they may also bind other inositol phosphates
IP4, 1Ps or IPs could be detected. The maximal light-induced(Figs 2C, 3C, 5C).
concentration of IPwas calculated to be 1.2 mmot within Squid PLC may have a specific binding site for inositol
the cytoplasm of the distal segment of squid photoreceptghosphate. It has been shown that RLi@-rat brain binds to
cells, estimated from the PIRcontent in the rhabdomere this IP-analogue column at its pleckstrin homology (PH)
(Szuts, 1993). Inositol trisphosphate is rapidly reduced bgomain rather than at its substrate-binding site (Kanematsu et
hydrolysis (Wood et al., 1989; Wood et al., 1990). Thesal., 1992; Yagisawa et al., 1994); however, the primary
results indicate that BHs the main inositol phosphate presentstructure of PLC in the squid visual system has no PH motif
in squid photoreceptor cells and that the higher inosito{Carne et al., 1995). The G-proteir3& which regulates PLCs
polyphosphates are absent. Therefore, we believe that squith the PH domain, does not activate the squid PLC (Suzuki et
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Fig. 4. Preparative elution profile of inositol-1,4,5-trisphosphate 1 10 100
(IP3) column affinity chromatography for the membrane protein [Inositol phosphate] (wmol 1)

fraction of squid rhabdoms. (A) Elution profile. Filled circles,

absorption at 590nm after staining; open circles, absorption &ig. 5. The ability of purified squid rhodopsin to bind inositol-1,4,5-
490 nm with no staining. (B) Coomassie-Brilliant-Blue-stained gel oftrisphosphate (18). (A) Purified rhodopsin was subjected to
the fractions indicated in A. L, loaded sample; FT, flow-throughSDS-PAGE and stained with Coomassie Brilliant Blue (CBB) or
fraction. The numbers above each lane refer to fraction numbers. Thlotted and probed with an antibody to rhodopsin. (B}hiAding
numbers on the right of the gel show molecular mass standar@ctivity of purified rhodopsin. Filled circles2H]IP3 binding to
(kDa). The arrowhead on the left shows the molecular mass (kDa) increasing amounts of rhodopsin; open circléd]IPs binding in the

a protein showing IRaffinity. (C) Anti-rhodopsin immunoblot. presence of 300moll™ IPs3. Values are means sEm. (N=6).

(C) Competitive inhibition of H]IP3 binding to squid rhodopsin by
various inositol phosphates. Values are meass.i. (N=6). Filled
circles, inositol-1,4,5-trisphosphate; open circles, inositol-1,4,5,6-
tetrakisphosphate (WP open triangles, inositol pentakisphosphate
(IPs); open squares, inositol hexakisphosphate).(IP

al., 1995a). In the visual system, PLC hasbiding activity
but lacks a PH domain; however, like other PLCs, the squi
visual PLC has a C2 domain (Carne et al., 1995). Using
BLAST database search (Altschul et al., 1990) to look fo
homologues with the peptide sequence of the C2 domain of tifikkawa et al., 1998) that an octopus rhodopsin kinase is
squid visual PLC, a sequence from 684R to 704N was showsimilar to BARK in its structure and properties and also has a
to be similar to the sequence from 322R to 342S in the C2BH motif. It is therefore considered that P77 is squid rhodopsin
domain of synaptotagmin | and Il. This conserved sequence &hase and that it has 4Raffinity via its PH motif. Light-
synaptotagmin Il has been shown to be an inositol-1,3,4,5lependent phosphorylation of cephalopod opsin has been
tetrakisphosphate-binding site (Fukuda et al., 1995). Thiseeported (Kikkawa et al., 1998; Paulsen and Hoppe, 1978;
finding suggests that inositol phosphate may modulate th¢andenberg and Montal, 1984b; Tsuda et al., 1989). In the
enzymatic activity of squid PLC through this conserved regiowvertebrate system, work with transgenic mice has demonstrated
by means of feedback regulation. that phosphorylation of rhodopsin is necessary to switch off
In this report, we have shown that squid receptor kinasthe photoresponse (Makino et al., 1995). In the cephalopod
(P77) has IBbinding activity. It has recently been reported system, rhodopsin phosphorylation by rhodopsin kinase may
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