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ABSTRACT. In invertebrate photoreceptors, illuminated rhodopsin activates multiple G proteins, which are
assumed to initiate multiple phototransduction cascades. In this paper, we focused on one of the
phototransduction cascades, which utilizes rhodopsing-Bk& G protein, and phospholipase C (PLC).

A Gqlike G protein from octopus photoreceptors was successfully purified to apparent homogeneity as
an active form by simple two-step chromatography. The purified G protein hagatrimeric structure
consisting of 44-kDax, 37-kDag, and 9-kDay subunits. The 44-kDa subunit was assigned to the G

class by western blot with antiserum against mammaligio &hd by partial amino acid sequencing of its
proteolytic fragments. Light-dependent binding of GBPwas observed when the purified octopus G

was reconstituted with octopus rhodopsin that had been integrated into phospholipid vesicles. Octopus
Gq activated PL@, purified from bovine brain dose-dependently in the presence of AlFinally, light-

and GTP-dependent activation of PBOvas observed in a reconstitution system consisting of octopus
rhodopsin, G, and bovine PLB:.

Photon absorption by rhodopsin triggers a visual trans- eyes. Phospholipase C (PLC) activity is abundant in normal
duction cascade, leading to alteration of ionic permeability Drosophilaeyes while drastically reduced in photoresponse-
of photoreceptor cell membranes. The molecular mechanismdefectivenorpAmutants (Inouet al.,, 1985), suggesting that
of phototransduction of vertebrate photoreceptors is now the PLC and phosphoinositide cascade could be involved in
established that a heterotrimeric GTP-binding protein (trans- phototransduction. On the other hand, recent cloning of
ducin) couples the photoexcited rhodopsin to cGMP hy- prosophila cDNA encoding a cGMP-gated ion channel
drolysis, which results in cell hyperpolarization due to the expressed in eyes and antennae supports the notion that

closure of cGMP-gated cation channel in the rod plasma cGMp acts as an intracellular messenger (Baumedrad.,
membranes (Stryer, 1986). On the other hand, cGMP 1994).

hydrolysis is not induced by light in invertebrate photore- Additional evid f itivle sianali h :
ceptors (Tsuda, 1987a), so the underlying phototransduction, itional evidence for mu “Pe sighaling pat ways n
machinery appears to be quite distinct from that operating mvertebrate phototransductlpn is the finding thgt mu!t|ple
in vertebrate photoreceptors (Tsuda, 1987b). Electrophysi-G Proteins are coupled to illuminated rhodopsin.  Light-
ological studies inLimulus photoreceptors show that an dependent GTP hydrolysis in invertebrate photoreceptors was

injection of inositol trisphosphate (] (Brown & Rubin,  first reported for octopus photoreceptor membranes by
1984; Brownet al., 1984; Feiret al., 1984; Payne & Fein, Calhoonet al. (1980). We have found two light-activated
1987) or cGMP (Bacigalupet al, 1991; Johnsoret al., octopus photoreceptor G proteins, termeggda@d Ga, which

1986) mimics the effect of light, leading photoreceptors to are ADP-ribosylated by pertussis toxin (Tsuda & Tsuda,
depolarization, and suggest that they both could be the final1990; Tsudeet al,, 1986). In several invertebrate photore-
messengers. Moreover, there are three components of theeptors, pertussis toxin insensitive G proteins have been
light-activated current in ventral photoreceptorlafulus identified and their cDNAs cloned (Lest al., 1990; Pottinger
which have been reported to have different physical and et al., 1991; Rybeet al., 1993). Their deduced amino acid
pharmacological properties (Nagy, 1993). These findings sequences indicate marked similarity to mammaliap G
imply the existence of multiple transduction pathways. suggesting that these G proteins carry a photosignal from
Further evidence for multiple phototransduction pathways activated rhodopsin to PLC. Purification of arlke G

in invertebrate photoreceptors has been showdrasophila  protein and cloning of its cDNA have been reported for squid
photoreceptors by Findlast al. (Pottingeret al., 1991; Ryba

"This work was supported in part by research grants to M.T. et al, 1993). However, they have not tested its biological
(0740819, 08257219) and S.K. (7780579, 8780631) from the Ministry ability to couple with rhodopsin and/or PLC. It is indis-
of Education, Science, Sports and Culture of Japan. . . . .
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1 Abbreviations: G protein, guanine nucleotide-binding protein: PLc, 1N this work, we purified a Gtype G protein in a
phospholipase C; APMSF, 4-(amidinophenyl)methanesulfonyl fluoride; biochemically active state from an extract of octopus
App(NH)p, adenosine'§By-imido)triphosphate; DTT, dithiothreitol; ifi
GTPyS, guanosine '§3-O-thio)triphosphate; IR inositol 1,4,5-tris- photoreceptor n.]emb.ranes' The purified octopy@ind .
phosphate: PHP phosphatidylinositol 4,5-bisphosphate; SEBAGE, GTP analogue in a light-dependent manner when reconsti-

sodium dodecy! sulfatepolyacrylamide gel electrophoresis. tuted with phospholipid vesicles containing purified octopus
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rhodopsin. In addition, we successfully demonstrated that digested overnight bjx\chromobacteprotease | (EC 3.4.21.50)
PLCB, from bovine brain was activated by octopugv@ich in 50 mM Tris-HCI (pH 9.5) and 4 M urea. The digested
was activated by either AlF or light-activated rhodopsin  peptides were separated by reversed phase HPLC, and amino

and GTR'S. The presence of two populations qf, Gghtly acid sequences of the peptides in the peak fractions were
membrane-bound and loosely bound, and their biological analyzed by model 473A Protein Sequencer (Applied Bio-
relevancy are also discussed. systems).

Photoaffinity Labeling of G Proteins in Octopus Mietb
EXPERIMENTAL PROCEDURES lar Membranes Photoaffinity probe,j}-32P]-4-azidoanilido-

GTP was prepared as described by Thomas and Pfeuffer

Purification of Octopus_ga_from Detergent Extract of (1991). Microvillar membranes (about 12 of total
Octopus Photoreceptor Mictdlar Membranes OCtopus — otein) which had been either kept in dark or illuminated

photoreceptor microvillar membranes were prepared from b S ; ; _32p1.
g : ) y a panchromatic light, were incubated witlx¥ [ y-32P]
about 200 eyes dParaoctopus defrinas described previ- 4”5, iqoanilido-GTP at 15C for 30 min in the presence or
ously (Tsudeet al,, 1992). Isolated microvillar membranes absence of 10gM cold GTP in 20 mM Tris-HCI buffer
were washed three times with 10 mM Tris-HCI (pH 7.4), (pH 7.4) containing 5 mM MgG| 1 mM EDTA, 0.1 mM

0.4 MKCI, 10 mM MgCb, 1 mM DTT, 1 mM benzamidine  G\p and 0.1 mM App(NH)p. The reaction was terminated
hydrochloride, 2QuM APMSF (isotonic buffer), and then ., 4iytion with 10 volumes of an ice-cold buffer containing

six times with 10 mM Tris-HCI (pH 7.4), 1 mM DTT, 1 54 M Tris-HCl (

- . . - pH 7.4), 25 mM MgGl and 100 mM
mM benzamidine hydrochloride, 20M APMSF (hypotonic — a¢| (referred to henceforth as TMN). The membranes in
buffer_). The mlcr_ovnlar m(_ambranes washed with the _hy- the mixture were collected by centrifugation and then
potonic buffer, which contains about 0.8 g of total proteins, resuspended in 2@L TMN, and the bound 3-*%P]-4-
were SOIUb.'I'.Zed in 100 mL of 10 mM T”S'Hc,l t_)uffer (PH " azidoanilido-GTP was covalently attached by UV-irradiation
7.4) containing 1 mM DTT, 1 mM benzamidine hydro- 54 554 hm on ice for 5 min. The samples were solubilized
chlroide, 20uM APMSF, and 1% (w/v) sucrose monolaurate with 20 uL of SDS—PAGE sample buffer, and the radio-

and then centrifugeq at '2400‘@0‘0{ 1 h: The clear activity incorporated into proteins was visualized by auto-
supernatant was applied with a plastic syringe to a column radiography after SDSPAGE.

(2.5 2 cm) of DEAE-cellulose (bps, U.K.), and the column Reconstitution of Octopus Rhodopsin in Phospholipid

Wﬁsdwashed r\letr? 50 ”;]L of the bsoltébilization _bufferh Vesicles Octopus rhodopsin was affinity purified from the
Rhodopsin, which was the most abundant protein in the g, thrqugh fraction of DEAE-cellulose column on ConA

extract, passed through the column while G proteins bound gehharose (Pharmacia Biotech). The rhodopsin-containing
under low ionic conditions. G proteins were then eluted with fraction was applied to a ConA column which was equili-

0.5 M NaCl in 35 mL of the same buffer but containing 1% ;. o1aq with 10 mM Tris-HCI (pH 7.4), 0.5 M NaCl, 1 mM

(w/v) sodium cholate as a detergent.. Th.e eluate was CaCh, 1 mM MnCh, and 0.1% sucrose monolaurate, and
concentrated to about 3 mL by an ultrafiltration system of yne colymn was thoroughly washed with the equilibrate
NM-3 (Asahikasei, Tokyo) and applied to a Sephacryl S-300 p, ¢fer - Rhodopsin was then eluted from the column with

HR gel filtration column (2.2x 90 cm, Pharmacia Biotech 250 mMo-meth o o
. - . ; - yl-D-mannopyranoside in equilibrate buffer.
Inc.) which had been equilibrated with 20 mM Tris-HCI (pH  peconstitution of the rhodopsin in phospholipid vesicles

5'4)’ 1 mdM Er?LA' %ﬂm":j/l DTT, 100 mM NaCl, 1 mM g carried out as described by Cerioae al. (1984).
egzagm mgl y rohcl oride, 20M AF/’M_SF' 1hMM |GDP' Briefly, the purified rhodopsin (approximately @M) in a
and 1% sodium cholate at 0.7 mL/min. The eluate wWas , o1 containing 2.5 mg/mL azolectin (Sigma), 1% (wiv)

collected in each fraction of 7 mL, and the fractions were :
: ! S octyl glucoside, and 1 mg/mL BSA was passed through a
assayed by western blot with anty@and @3 antibodies. 1-mL column of Extractigel-D (Pierce) which had been

For separation oft and Sy subunits, trimeric G fractions equili ; : : :

) ) . quilibrated in TMN. Turbid fractions after void volume
frorr Sephacryl S-300 were d(ljluted03-fold with 20 mIIVI Trs- \ere collected. Rhodopsin in the reconstituted vesicles
HC (pH 7.4), 1 mM DTT, an O.lA)_sucrose monolaurate. ratained an ability to convert to metarhodopsin upon il-
The diluted sample was applied to high-resolution Mono Q lumination.

PC 1.6/5 anion exchange co_lumn for the SMA_RT Syste_m GTPyS-Binding Assay The reaction mixture containing
(Pharmacia Biotech Inc.), which had been equilibrated with octopus G (about 45 nM), 0.5M [3S]GTP/S (4 x 1C°

20 mM Tris-HCI (pH 7.4), 1 mM DTT, .40 mM NaCI,.and cpm/pmol), and the rhodopsin-reconstituted vesicles (400 nM
0.1% sucrose monolaurate at 0.1 mL/min. The subunits Wererhodopsin) was incubated at 2C in the dark or light in

eluted with a 4-mL linear gradient of 4100 mM NaCl n TMN. At the indicated time, a 2@4 aliquot was withdrawn
the same buffer, and the eluate was collected in fractions Ofand diluted with 25QuL of ice-cold TMN further supple-
0.2 mL. mented with 1«M cold GTPyS. The diluted mixture (the
The loosely bound form of octopus,@sed in GTRS- final concentration of sucrose monolaurate was below
binding experiments was partially purified from the soluble 0.002%) was filtered through nitrocellulose filters, and the
fraction of isotonic wash of the microvillar membranes by filters, after being washed three times with ice-cold TMN,
essentially the same chromatography proceduresar®  were counted fof°S by liquid scintillation. At least 99%
its subunits thus purified to apparent homogeneity were of G,o applied was held on the filters under these conditions.
stored at—80 °C until use. Measurement of PHPHydrolysis Assay for hydrolysis
Amino Acid SequencingThe subunits of the purified & of PIP, was conducted as described by Smrekal. (1991).
were separated on SBRAGE (11%), and the bands of& Briefly, reaction was initiated by addition of Plgg purified
in the gel were cut out. The protein (about 1 nmol) was from bovine brain membranes to the mixture containing 50
electrically eluted from gels, dialyzed against 8 M urea, and uM [3H]PIP,, 500 uM phosphatidylethanolamine, 0.16%
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Ficure 1: Photoaffinity labeling of a light-activated G protein in
octopus photoreceptor membranes. The microvillar membranes
were incubated with 1uM [y-32P]-4-azidoanilido-GTP in the 1 2 3 4
presence (lanes 3 and 4) or absence (lanes 1 and 2) 0kMIO0 £ 5 re 2: Western blot of octopus photoreceptor membrane
GTP in the dark (lanes 1 and 3) or light (lanes 2 and 4)->2P]- proteins with anti-Go. and anti-@ antibodies. The microvillar
4-Azidoanilido-GTP bound to proteins was covalently attached by ompranes were washed with 10 mM Tris-HCI buffer (pH 7.4)
UV irradiation, and the samples were analyzed as described undercontaining 0.4 M KCI, 10 mM MgG} 1 mM DTT, and 20uM '
Experimental Procedures. APMSF. Particulate (lanes 1 and 3) and solubilized (lanes 2 and
] 4) fractions were subjected to western blot with an antiserum against
sodium cholate, 0.83 mM Mggl20uM AICI 3, 6 mM NaF, the synthetic peptide corresponding to the C-terminal region of
and various concentrations of the purifieg GAfter incuba- mouse Ga (lanes 3 and 4) or a monoclonal antibody againgt G
tion at 30°C for 10 min, the reaction was terminated by Purified from porcine brain (lanes 1 and 2).
addition of a chloroform/methanol/0.1 N HCI (40:60:1, by
volume) mixture and vortex mixing. Chloroform and 0.1 N

19—

the mixture. These results suggest that the 44-kDa protein
HCI were further added, and then a portion of the aqueousspgcificglly binds GTP_ and that th_is. proteiq was activated
phase, which contains hydrolyzedsJRvas measured by PV illuminated rhodopsin. Photoaffinity labeling by-f2P]-
liquid scintillation counter foPH. To measure rhodopsin-  4-azidoanilido-GTP of the 41-kDa subunit of G, which
dependent activation of P14, octopus Gwas preincubated is ADP-ribosylated by pertussis toxin in a Ilght—de.pendent
with rhodopsin vesicles and nucleotides in the dark or light, manner (Tsudat al, 1986), could not be detected in these
and assays were carried out without AJ@hd NaF. expgnments probably due to its lower abundance in mi-
Electrophoresis and Immunoblot AnalysiSDS-poly- crovillar membranes.
acrylamide gel electrophoresis was performed as described Figure 2 shows an immunoblot of microvillar membranes
by Laemmli (1970). Protein blotting to PVDF membrane with antibodies recognizing the subunits of. GThe anti-
was performed as Towbin’s method (1979) using a tranfer serum raised against a synthetic peptide corresponding to
buffer containing 0.1% (w/v) SDS and 15% (v/v) methanol. the carboxyl terminus of mammalian,&strongly crossre-
For immunological detection, horseradish peroxidase- acted with the 44-kDa protein; thus the 44-kDa protein shares
conjugated anti-lgG antibodies and the ECL chemilumines- antigenic determinants common to mammaliago.G In
cence detection system (Amersham Corp.) were used ac-addition to the presence of the 44-kbasubunit, a 37-kDa
cording to manufacturer’s directions. protein was detected in microvillar membranes by mono-
Miscellaneous Purified bovine brain PLE; and anti-Ga. clonal antibodies against &5 Interestingly, as shown in
polyclonal and anti-@ (porcine brain) monoclonal antibodies  Figure 2, Ga-like immunoreactivity was detected not only
were generous gifts from Dr. T. Haga (Institute for Brain in the membrane-bound fraction but also in the soluble
Research, University of Tokyo), and antBGDrosophilgd supernatant of the retinal homogenate. From these results,
monoclonal antibody was kindly provided by Dr. J. B. Hurley a fraction of the octopus photoreceptog @ool, unlike
(University of Washington); sources of antigen and their mammalian Go, exists as a loosely bound membrane
immunological specificity were described elsewhere (Naka- protein, which is readily extracted in the solution without
muraet al, 1991; Yarfitzet al., 1991). Sephacryl S-300 detergent. On the other hand, the pertussis-toxin substrate
HR, Mono Q, and ConA Sepharose were purchased fromwas solely detected in the membrane fraction (Tsuda &
Pharmacia Biotech Inc., DEAE cellulose was from Funakoshi Tsuda, 1990; Tsudat al., 1986).

(Tokyo), and Extractigel-D was from Piercey-f?P]GTP, Purification of Octopus @ from Detergent Extract of
[*SIGTPRYS, and fH]PIP, were obtained from DuPont-New  photoreceptor Microillar Membranes To further charac-
England NucIear.Achro_mobactepmtease I was purchased tgrize octopus photoreceptog,@ve intended to purify it from
from Wako Pure Chemical Industries (Osaka, Japan). Othermicrovillar membranes. We started with a 1% sucrose
reagents used were the highest grade commercially availablepgonglaurate extract of washed microvillar membranes, which

RESULTS we. .had. also been u_tilizing as a starting material for
purification of rhodopsin. The extract was loaded onto a

Gq-Like G Protein in Octopus Photoreceptor$o identify DEAE-cellulose column, through which rhodopsin passed.
light-activated G proteins in octopus photoreceptor microvil- Gy bound to the DEAE-cellulose and eluted from the column
lar membranes, we carried out photoaffinity labeling of the with an elution buffer containing 0.5 M NaCl and 1% sodium
membrane proteins withyf*?P]-4-azidoanilido-GTP. As  cholate. The detergent was exchanged to sodium cholate at
shown in Figure 1, a 44-kDa protein was radiolabeled upon this step because cholate makes relatively small micelles and
illumination of the membranes, and labeling was markedly is suitable for the next purification step, gel filtration
decreased by addition of an excess amount of cold GTP inchromatography.
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Ficure 3: Elution profile of octopus Gfrom a Sephacryl S-300 HR column. The concentrated extract from octopus photoreceptor microvillar
membranes was applied to a Sephacryl S-300 HR column{®@ cm). (A) Absorbance at 280 nm of eluted proteins was monitored. The
peak containing gdetected by the antibodies is indicated by an arrow. (B)-SBSGE patterns of the fractions on 11% polyacrylamide
gels. Lane D, DEAE cellulose eluate; lanes2®, fractions from Sephacryl S-300. Pooled fractions for the purified protein are underlined.

The eluate was concentrated and next applied to a Amino Acid Sequence of OctopugoG As we failed to

Sephacryl S-300 HR gel filtration column. The elution
profile of proteins from the column is shown in Figure 3A.
Fractions were assayed by western blotting with agti-G
and @ antibodies (data not shown). The proteins that
crossreacted with antiq@ and G antibodies were eluted

identify the amino-terminal sequence of intagbGrobably
due to some modification, we digested the purified full-length
protein with Achromobacterprotease |, a lysine-specific
endoprotease. Sequencing the fragmented peptides separated
by reversed phase HPLC, we obtained the amino acid

from the Sephacryl S-300 HR column in the same fractions sequences over 250 residues. These data were aligned with

(Figure 3B, fractions 17#19). G, was not detected at all in

these fractions according to pertussis toxin-catalyzed ADP-

several deduced amino acid sequences of clongd &
shown in Figure 6. The sequence of the fragments from

ribosylation assay, which is the most sensitive method to gctopus Ga, which covered some 70% of the predicted size,

detect G,.. Thus, purification to apparent homogeneity was

achieved in this step, although a minor 42-kDa degradative

product of Go. was occasionally observed. The pooled
fractions were used as a purified; @reparation in later
experiments.

Separation ofx andfy subunits was performed by high-
resolution anion exchange Mono Q PC 1.6/5 column
chromatography. The Grimer fraction eluted from the
Sephacryl S-300 HR column was diluted 3-fold and loaded
onto a Mono Q column equilibrated with 20 mM Tris-HCI
(pH 7.4), 40 mM NaCl, 1 mM DTT, and 0.1% sucrose
monolaurate. Elution was performed with a 4-mL linear
concentration gradient of 40100 mM NaCl. The elution
profile of the subunits is shown in Figure 4A. Theand
By subunits were eluted at about 280 and 160 mM NaCl
from the Mono Q column, respectively.

When the purified G protein was analyzed by SEFAGE
and stained with Coomassie blue, amdndp subunits of
ocotpus G migrated as 44- and 37-kDa polypeptides,
respectively (Figure 5A). The purifiedQreparation also
contained a low molecular mass 9-kDa polypeptide, which
is assumed to be the subunit from its size (Figure 5B).

exhibited high homology to g& of several species.

Activation of GTF/S-Binding to the Purified Octopus,G
by llluminated RhodopsinTo test whether the purified G
binds to GTP analogue in a rhodopsin-dependent manner,
we conducted GTFS-binding experiments in the presence
of the reconstituted rhodopsin vesicles. Figure 7 shows the
time course of GTPS-binding to the purified octopus G
Basal GTRS-binding in the absence of rhodopsin was not
observed. In contrast, GPB-binding to the purified &
occurred in the presence of the phospholipid vesicles
containing rhodopsin. These results clearly show that the
purified octopus G coupled with and was activated by
octopus rhodopsin. Next, we compared the potency to
couple with rhodopsin between two populations gf @ghtly
bound G that had been purified from sucrose monolaurate
extract of the washed microvillar membranes, and loosely
bound G that was readily extracted from the membranes
by washing with the isotonic buffer. As shown in Figure 7,
GTPyS bound to the tightly bound @nuch faster than the
loosely bound G suggesting that the tightly bound,G
couples more potently with illuminated rhodopsin.
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FIGURE 4: Separation oft andy subunits of octopus @with a Mono Q PC 1.6/5 column. The purified trimerig, @as applied to and
eluted from a high-resolution anion exchange Mono Q PC 1.6/5 column(5® mm). (A) Absorbance at 280 nm of eluted proteins was
monitored. (B) SDSPAGE patterns of the fractions. Lane S, purifieg G&nes 5-14, fractions from the column.
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FIGURe 5: SDS-PAGE of purified octopus gand the subunits.
The purified proteins (2g) were analyzed by SDSPAGE on
either 11% (A) or 16% (B) gel and stained with Coomassie Blue.
Lanes 1 and 4, @ lanes 3 and 5¢ subunit; lanes 2 and @y
subunits.

Activation of Baine Phospholipase C by Actted
Octopus G. Our next attempt was to examine whether the
purified octopus @directly activates PLEB. We investigated

PIP; hydrolysis by PL@;, which had been purified from
bovine brain membrane extract, in the presence of activated
octopus G. As shown in Figure 8, octopusGin the
presence of Allr, activated bovine PLG; in a dose-
dependent manner, which is comparable to that of mam-
malian G (Smrckaet al, 1991). G alone, even at a
maximum dose, exerted only slight activation without AlF

To address whether octopus, Gan couple photoactivated
rhodopsin with PLC, we next tested light-activation of FLC

in the presence of the reconstituted octopus rhodopsin and
Gy Gy was incubated with GTFS or GDP in the presence

of rhodopsin vesicles prior to the assay. The entire assay
including preincubation was carried out under either dim red
light (dark) or room light (light). The results were shown
in Figure 9. In the reconstituted systems containing purified
Gy and rhodopsin, PLE, activity was markedly enhanced
upon illumination of rhodopsin in the presence of GBP
but not GDP. When an assay was conducted in the dark,
only slight activation of PL@B; was observed even in the
presence of GTFS, indicating that activation of &with
GTPyS depends on illuminated rhodopsin. The extent of
light-dependent activation of P4z in the presence of
GTPyS was comparable to that of receptor-independent
activation in the presence of AlF
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Khk ,khkk, Khkhkkhkhkhkkhkhhkhkhkhkhkhhkkkhhhkkkk

octopus Gq : RINQEIERQLRRDKRDARRELKLLLLGTGESGKSTFI

squid G : MACCLSEEAKEQRKRINQEIEKQLRRDKRDARRELKLLLLGTGESGKSTFI 50

mouse Gq 2 MACCLSEEAKEARRINDEIERHVRRDKRDARRELKLLLLGTGESGKSTFI 50

fly DGq : MECCLSEEAKEQKRINQEIEKQLRRDKRDARRELKLLLLGTGESGKSTFI 50
hkhkhhhdh  hhkk kh, ., ek khkh K.k, .k Kk, * *

ROQMRIIHGAGYSEEDRK IVYQNIFSAIQTLIAAMETLSLEYKTSGN
KQMRITHGSGYSEEDRKGFEKIVYQNIFSAIQTLIAAMETLSLEYKDPSN 100
KQMRITHGSGYSDEDKRGFTKLVYQNIFTAMQAMIRAMDTLKIPYKYEHN 100
KQMRIIHGSGYSDEDKRGYIKLVFQNIFMAMQSMIKAMDMLKISYGQGEH 100
. . o hkd  k k Kk, kk hhkkhhkkhdh , kk
NENAEYINSIDADSADTDEQSHVDAIKSLWTDEGMQEXYDRRREYQLTDS
NEHAEFLNSIDADSADIFEDGHVTAIKGCWTDPGMQECYDRRREYQLTDS 150
KAHAQLVREVDVEKVSAFENPYVDAIKSLWNDPGIQECYDRRREYQLSDS 150
SELADLVMSIDYETVTTFEDPYLNAIKTLWDDAGIQECYDRRREYQLTDS 150

chkhh ko K, .. K.okk khk, kk khkkhhk
AKYYLDDVDRIHEPGYIPTLQDILRVRVPTTG

AKYYLDDVERIHEPGYIPTLQDILRVRVPTTG 182
TKYYLNDLDRVADPSYLPTQQDVLRVRVPTTG 182
AKYYLSDLARIEQADYLPTEQDILRARVPTTG 182
hhkhkkhhhhkhkhhhhhhhhhkhhkhhs ko kkk hhkhk hkkk K
octopus Gq : ALFRTIITYPWFQONSSVILFLNKK IMTSHLADYFPDYDGPKXD
squid G KALFRTIITYPWFQONSSVILFLNKKDLLEEKRIMTSHLADYFPDYDGPKCD 296
mouse Ugq : KALFRTIITYPWFQNSSVILFLNKKDLLEEKIMYSHLVDYFPEYDGPQRD 295
fly DGq . KALFRTIITYPWFQNSSVILFLNKKDLLEEKIMYSHLVDYFPEYDGPKQD 295
L X 2 e Kk % * kok kk kkkk, Kk kkk
YNAAREYMSDRYLNLNEDK MLYYHYTXATXTENIRFVFAAVK
YEAAREFMMDSYMDLNEDKEKMLYYHYTCATDTENIRFVFAAVK 340
AQAAREFILKMFVDLNPDSDKIIYSHFTCATDTENIRFVFAAVK 339
HAAAKQFVLKKYLACNPDPERQCYSHFTTATDTENIKLVFCAVK 339

FiIGUrRe 6: Amino acid sequences of the digested peptide fragments from octgpreliGned with the sequences deduced from squid and

mouse Go. cDNA. Purified octopus G was digested wittAchromobactemprotease |, and the digested fragments were sequenced as
described under Experimental Procedures. Sequence data were searched for similarity against the SWISS-PROTEIN data bank. Sequence
alignment was shown with squid and mousg Ghe asterisk (*) and the dot)(added above indicate identical position and conservative
substitution, respectively. Conservative substitutions are grouped as follows: cysteine; serine, threonine, proline, alanine, and glycine;
asparagine, aspartic acid, glutamic acid, and glutamine; histidine, arginine, and lysine; methionine, isoleucine, leucine, and valine;
phenylalanine, tyrosine, and tryptophan.

DISCUSSION amino acid sequencing of the subunit of the purified
protein. A striking identity to deduced amino acid sequences
from cloned cDNA of other species was observed over entire
regions of some 250 residues sequenced from the purified
octopus protein (Figure 6). From these results we concluded
that the octopus photoreceptor G protein that we purified
belongs to the @ family. In addition, antibodies that
recognize mammalian ardrosophilaGf equally crossre-
'acted with the 37-kD@ subunit of octopus & which shows
structural similarity among those polypeptides, although the

In this work, we have first purified a &class G protein
in an active state from invertebrate photoreceptors, which
couples with illuminated rhodopsin. Purification to apparent
homogeneity was achieved from a sucrose monolaurate
extract of retinal microvillar membranes by simple two-step
chromatography. Successful purification is attributed to use
of thoroughly washed membranes as a source. In addition
use of sodium cholate, which makes relatively small micelles
suitable for gel filtration, facilitated better separation in . ) ;
Sephacryl S-300 chromatography. The purified protein ﬂfsubumt OT.OC%'OUS gsh_asasTllr?htly Iargir size tg]an th(;se
consisted of, 3, andy subunits whose molecular masses of mammafan p.rotems. € size o .tbuesu unit o
on SDS-PAGE were 44, 37, and 9 kDa, respectively (Figure ocotopus Gis also in good agreement with those of other
5). The 44-kDaa. subunit strongly crossreacted with the G proteins.
antibody raised against the synthetic peptide corresponding Identification of G proteins in invertebrate photoreceptors
to C terminus of mouse @. This suggests that the purified has been reported for several species, andq&l&s G
octopus G protein is a member of thg family. Occasion- protein has been isolated from squid photoreceptor (Pottinger
ally, a 42-kDa protein, which crossreacts with anggG et al, 1991). However, functional coupling of those G
antibody, was observed in the, @reparation (see Figure proteins with rhodopsin has not yet been reported in a defined
3B). From amino-terminal sequence analysis, we identified system. In this study we demonstrated light-dependent
this 42-kDa protein as a proteolytic product of 44-kD@xG  activation of GTR'S-binding to purified octopus £n a well-
subunit, which is likely to occur artificially during the defined reconstitution system. As shown in Figure 7,
preparation. The similarity to &vas further confirmed by ~ GTPyS-binding to purified Gwas observed upon illumina-
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FiGURe 7: Time course of GTfS binding to the tightly or loosely ~ of purified octopus rhodopsin and,G Purified octopus gwas
bound G in the presence of the rhodopsin-reconstituted vesicles. preincubated at 28C with 50uM GDP (open bar) or GTFS (filled
Octopus G (about 45 nM), either purified from the sucrose bar) in the presence of rhodopsin vesicles for 20 min in the dark
monolaurate extrac®) or partially purified from the isotonic buffer ~ or light. To the mixture was added an assay solution containing
extract ©), was incubated with 0,6M [35S]GTP/'S (4 x 108 cpm/ PIP,, and then hydrolysis was initiated by adding RC 1P;
pmol) and the rhodopsin-reconstituted vesicles (400 nM rhodopsin) released was assayed as described under Experimental Procedures.
at 20°C in light. At the indicated time, an aliquot was withdrawn ~ As a positive control, PLC activity was measured in the presence
and GTR'S bound was assayed as described under Experimentalof G, activated by Alg~ without rhodopsin vesicles as shown in
Procedures. Specific binding was not detected in the absence offFigure 8 (hatched bar).

rhodopsin in either case].

toylation may regulate membrane localization and physi-
ological activity of G, (McCallum et al, 1995; Parentet

600 1 al., 1993; Wedegaertnat al., 1993). Since we have not

E yet been able to isolated the amino terminus peptide from
__% Achromobacteprotease | fragments of §&, we have not
§40° i 1 determined if octopus &is acylated. However, a highly
S conserved amino terminal region among clongd@gests
} that octopus Gis also palmitoylated. Thus, the dynamic
& 2001 1 state of acylation, especially palmitoylation, may alter the
o 0 affinity of Gq for microvillar membranes. Interestingly,
Terakitaet al. have reported light-dependent translocation
°0 20 20 50 of Gy from a membrar_1e region to the cytosol i_n crayfish
octopus Gq (nM) photoreceptors (Terakigt al,, 1996). Together with those

FIGURE 8: Activation of bovine brain PL@; by AIF,-activated findings, our results suggest that octopusn@y be present
octopus G. PIP, hydrolysis catalyzed by purified bovine brain  in two forms, acylated or deacylated, in photoreceptors, and

PL(_:fﬁlaNastassaygd i_?htfzg )presentcr:le Otf (ion;jig?éed coné:entragiodns ofthat light stimulation may cause deacylation qf @sulting
puririea octopus @ wi or withou 4 as descripe H P : H
under Experimental Procedures. in a decrease in its potency to couple Wlth_ rhod_opsm. It
has been also reported that deacylatgdoGes its ability to
tion of the purified octopus rhodopsin, which has been 2ctivate PLC (Wedegaertnet al, 1993), and we are now

reconstituted into phospholipid vesicles. No significant nvestigating this point for octopus proteins.
binding was observed in the control experiments in which  In many tissues and cultured cell systems, it has been
rhodopsin was not included, These results clearly show thatreported that stimulation of the receptor which couples with
purified octopus photoreceptor,@irectly couples with and  Gg-type G proteins leads to activation of tjfieisoform of
is activated by illuminated rhodopsin in a reconstitution PLC. Furthermore, PLC is thought to be a candidate for
system. the effector enzyme that is activated upon photoexcitation
We found that a part of octopus photoreceptgisdeadily in invertebrate photoreceptors. To clarify whether the
stripped off the microvillar membranes by washing mem- purified octopus @ has an ability to activate PLC, we
branes with an isotonic buffer (Figure 2). To address the conducted reconstitution experiments in which BL @uri-
biological relevancy of this, we compared the ability of the fied from bovine brain was used as the coupling enzyme.
tightly bound G, (i.e., purified from the detergent extract) As clearly demonstrated in Figure 8, purified octopusi®
and the loosely bound 30 couple with rhodopsin. The the presence of AlF, activated bovine PLg; in a dose-
results demonstrated in Figure 7 show that the tightly bound dependent manner. The potency of octopysdzactivate
Gy is more potent in coupling with rhodopsin than the loosely PLCB; was comparable to those of mammaliagréported
bound G. It has been reported in expressed cell systems (Smrckaet al, 1991). Thus, octopusGs likely to share
that mammalian @undertakes palmitoylation at cysteine common structural and functional properties with mammalian
residues near the amino terminus and that dynamic palmi- G
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Next, we tried light-dependent activation of PB4n the Brown, J. E., Rubin, L. J., Ghalayini, A. J., Tarver, A. P., Irvine,
presence of octopus Gand rhodopsin. Figure 9 shows  R.F. Berridge, M. J., & Anderson, R. E. (198Mpture 311

> o e 160-163.

1P hydrolysis was ennanced upon flumination of fodopsin Canoon. .. Tsuda, M, & Ebrey, T.G. (198Bjochem Biophys

! s Res Commun 94, 1452-1457.

in the presence of GHFS. This is apparently due t0  cerione, R. A., Codina, J., Benovic, J. L., Lefkowitz, R. J.,
formation of active GTPS-bound Go stimulated by il- Birnbaumer, L., & Caron, M. G. (1984iochemistry 234519
luminated rhodopsin, since no significant activation was  4525.

observed either in the presence of GDP instead of @&TP  Fein. A., Payne, R., Corson, D. W., Berridge, M. J., & Irvine, R.
nor in experiments conducted in the dark. These results, - (1984)Nature 311157-160.

. - - . I H., Yoshioka, T., & Hotta, Y. (198%8iochem Bioph
indicate that octopus activates th¢g isoform of PLC in a noRugs’ Cdmn?jn'f3g’51é_5190_ a, Y. (198iochem Blophys

receptor-dependent manner and strongly suggests that ocjohnson, E. C., Robinson, P. R., & Lisman, J. E. (1986jure
topus G carries signals from activated rhodopsin to PLC in 324, 468-470.
photoreceptor cells. Laemmli, U. K. (1970)Nature 227 680-685.

Several problems still remain to be solved. In this work, Lee, Y. J., Dobbs, M. B., Verardi, M. L., & Hyde, D. R. (1990)

. . . . Neuron 5 889-898.
we used a bovine PL&; isoform, which is activated by the McCallum, J. F., Wise, A., Grassie, M. A., Magee, A. I., Guzzi,

o subunit but not by3y subunits of (a while Drosophila F., Parenti, M., & Milligan, G. (1995Biochem J. 310, 1021
NorpA has been reported to share high sequence homology 1027.

with the mammalian PLG, isoform. Therefore, molecular  Nagy, K. (1993)Neurosci Lett 152, 1—4.

characteristics of the octopus photoreceptor PLC are of ourNakamura, F., Ogata, K., Shiozaki, K., Kameyama, K., Ohara, K.,
interest. We have succeeded in purifying endogenous Haga, T., & Nukada, T. (1991). Biol. Chem 266, 12676~
octopus phOtoreC.eptor PLC (unpublished experil_”nen.ts) andParenti, M., Vigano, M. A. Newman, C., Milligan, G., & Magee,
are now attempting to isolate the cDNA encoding it. In = A"} (1993) Biochem J. 291 349-353.

addition, we have identified a pertussis toxin-sensitive G payne, R., & Fein, A. (1987). Cell. Biol. 104, 933-937.

protein, G, in octopus photoreceptors. Since ADP-ribosyl- Pottinger, J. D., Ryba, N. J., Keen, J. N., & Findlay, J. B. (1991)
ation of G, by pertussis toxin is light-dependent;, Glso Biochem J. 279, 323-326.

appears to couple with rhodopsin (Tsuda & Tsuda, 1990; Ryba, N. J., Findlay, J. B., & Reid, J. D. (1998jochem J. 292,
Tsudaet al, 1986). Thus, the possible relevancy of signaling S n?3

pathways mediated by &nd G, in phototransduction is (Eﬁ)ééi\éﬁcgengirs,oi._ga??rown, K. 0., & Stemwesis, P. C.

also of our interest. Stryer, L. (1986)Annu Rev. Neurosci 9, 87—119.

In conclusion, we hereby report for the first time the Terakita, A., Takahama, H., Tamotsu, S., Suzuki, T., Hariyama,
coupling of the invertebrate photoreceptor rhodopsinto PLC  T., & Tsukahara, Y. (1996Yis. Neurosci 13, 539-547.
via a G protein in a defined reconstitution system, and this Thomas, R., & Pfeuffer, T. (1991ylethods Enzymoll95 280~

will pave the way for precise understanding of the molecular
pave the way for precise understanding of the molecular "t ) g2 ohoiin T, & Gordon, J. (197B)oc. Natl, Acad

mechanism of invertebrate visual signal transduction. Sci U.SA. 76, 4350-4354.
Tsuda, M. (1987a) iRetinal ProteingOvchinnikov, Y., Ed.) pp
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