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Cyclic GMP (cGMP) has a crucial role in visual transduction. Recent electrophysiological

sluaies clearly indicate the existence of cGMP-activated conductance in photoreceptor plasma

membranes (29). In darkness, Na+, Ca++, and Mg++ enter rod outer segments (ROS) through

cGMP-activated channels while Iighl closes channels by lowering cGMP concentrations through

activation of cGMP phosphodiesterase (PDE). Many excellent reviews (1,17,23,25) reference

the mechanism of PDE activation In photoreceptors. However, recent progress In understanding

the mechanisms regulating cGMP hydrolysis has raised an important question in the PDE-

regulation: how does the three-dimensional movement of a subunit of lransciucln (retinal G

protein) (20) relate to the PDE activation? Assoclaled with that question, the mechanism of

PDE regulation appears to vary at different stages of evolution, for example, frog and bovine

photoreceptors. This review examines recent progress of the cGMP hydrolysis mechanism by

focusing on the subunit interactions between transducing and PDE.

A, ~TP hv~ in rod ~

The Iight.activaled POE cascade is composed of these functional proteins: the

photopigment rhodupsin, transducing, and PDE, Signal communication from rhodopsin to PDE is

dependent ufxm the Iigh!-medialed binding of GTP to transducing. Transducing is composed of

Ihreo subunifs: Ta (Mr 39,000), T~l (Mr 36,000) and Ty (Mr -7,000), Pholon capture by

rhodopsin facilitates GTP binding 10 Trx, which depends upon the presence of T~!,y, The resultinu

GTPTn complex is rapidly released from FIOS membranes (20) and somehow actlvales PDE

(10), Following hydrolysis of GTP, the GDPTu complex returns to ROS membranes (35), A

detailed, stepwiso mechanism for the events of the GTP hydrolytic cyclo (GTP binding, GTP

hydrolysis, and GDP release) has been described (32,36),

~hlndIM Dir~l characterizalior~ of GTp binding 10 T(l remfilns unclmw, sinco

purification of guanine nucleolido huo Tu has not bon nccompllshod. All publishr)d d:it’i

ckscribr!s an r)xctwnon ronclion tmlwrmn GTP (or hydrolysis rnsis!tirlt GTP analoouos) irnd bourld



GDP. When guanosine 5’-O-(3-thiotriphosphate) (GTPys) was used as a Iigand for Ta, the

initial rate of GTPys binding to toad (~ Ta was increased more than 90 fold by

increasing illuminated, urea-washed ROS disc membranes in a reconstituted system using

specific quantities of purified Ta and T~,y (36). In addition, the initial rate of GTPw binding to

Ta was markedly enhanced by Increasing the amount of Tfl,y with a constant amount of ROS

membrane. With very large additions of bleached rhodopsin, the rafio of T~,y to Ta required ior

a half-maximal rate of binding Is very small, reflecting the high probability of Ta Interaction

with bleached rhodopsin. Conversely, very small additions of bleached rhodopsin the ratio of

T13,yto Ta required for the half-maximal rate of GTPw binding bemmes large. Thus, one can

experimentally generalc a very wide spectrum of apparent catalytic efficiencies for T~,y.

Recent data (36) suggest that T~ Is essential for the Tp,y dependent stimulation of the rate of

GTPys binding. Moreover, Ty alone is not sufficlen! for the T~,y-dependent stimulation of the

rate of GTPys binding (36).

The rate of GT~ binding to Ta shows a strong dependence upon the concentration of Mg++

when small amounts of Illuminated, urea-washed ROS disc membranes were present in a

reaction mixture, Mg++ markedly reduces Ihe quantity of Illuminated ROS membranes required

for comparable binding of GTPE la (32). Mg’ + also serves to enhanc[j sensilivi!y 10 the pho[ic

stimulation, especially over the lower end of the dynamic range of rod photoreceptors (32),

Thus, Mg++ would profoundly influence the amplification step In which hundreds of GTPTu

complexes can be generated by a single bleached rhodopsin (11).

2 GTp n@tQ@s‘ , Ta is rapidly released from I!lumlnated ROS memmanes Iollowlng II1O

binding of GTP or 11sanalogues (20). In the presence of GTP or 11sanalogucs, T(x is readily

extracted from Illuminated RUS membranes even In the prosonce of 5 mM Mg ++ ancVor high

cwrcentration of salt (an Isototdc buffer). In contrast, thG dissociation of Tp,y from Illuminatmi

ROS mombrancrs Is reduced in the presencn of 5 mM Mg++ even If tho mnmbranos aro wnshnd

with hypotonlc buffm filler oxlraction of Tu with GTP (36),



Following the rapid release of the GTP.Ta mmplex from ROS membranes, GTP (bound to

Ta) is hydrolyzed (in the soluble phase) in the absence of Tp,y, which remains primarily

associated with ROS membranes (36). This conclusion is supported by the kinetic analysis of

the rate of GTP hydrolysis (36). In the presence of increasing concentration of T~,y, the GTP

hydrolysis rate shows clear evidence of saturation throughout the T~,y concentration range.

This behavior is predicted by a model in which Ta is solely responsible for the hydrolysis of

GTP. Moreovel, the conclusion is also supporled by the topological perspective that the binding

of GTP to Ta rapidly terminates the interaction with T~,y (20). Under the renditions that

abolish the effect of Mg++ on GTP binding to Ta (in the presence of large quantities of

illuminated, urea-washed ROS membranes), Mg++ is not required for the hydrolysis of b~!md

GTP (32). Moreover, these experiments also show that Mg++ increases the rate of GTP

hydrolysis by only 50% (32).

3 GDP r-, Following hydrolysis of (3TP to GDP, GDPTa returns to ROS membranes

(35). Return of GDPTa to the ROS membrane surface is stimulated by the presence of

membrane-bound T~,y (9,36). GDP is subsequently released even in the absence of other

Suanine nucleofides, In a reconstituted system using purified components, the rate of GDP

reiease is very siow in the absenc~ of g~anine nucleotides, since GDP also binds to Ta with a high

affinify (32,36). Illuminated ROS membranes and Tp,y are both raquired for the release of GDP

from Ta In the absence of guanine rmcieolides (32,36). The slow GDP release is detected in the

presence or absence of Mg++, and the rate of GDP release is no! stimulated by the presenco of

Mg++.

In conlrast, when crude ROS membrane preparations were Incubated with 13H] GTP, rapicf

GDP displacerrwnt is readily detected once the free GTP pool is exhausted (36), This GDP

reioaso is depnndent upon the presence of Mg++ (32). [~H]GDP bound 10 Tu In crudo rnerrbrmw

preparations app~ars quite st:tblcr in the absence of Mg++.



~. As shown in Figure 1, all of the known functions of l~,y (including the

requirement of TP,y for GTP binding to Ta, for the return of GDPTa to the ROS membranes, and

for the release of GDP from the GDP”Ta complex) are exprgssed essentially at the surface of the

ROS disc membranes. In contrast, the hydrolysis of GTP by Ta occurs In the soluble fraction and

does not depend upon the presence of RN membranes or T~,y. Mg++ plays a fundamental Iole in

all reactions that occurr at the surface of the ROS disc membrane. However, Mg++ is not crucial

for the GTIJ hydrolysis detected in the soluble fraction.

B. GIPkdemndmt p~F adwm
,.

PDE in rod photoreceptors Is composed of three subunits: Pa (Mr 88,000), P~ (Mr

84,000), and Py (Mr 11.13,000) (3). cGMP hydrolysis has been suggested 10 be catalyzed by

Pa,~ whila Py is an Inhibitory subunit (18). The GTPTa complex somehow stimulates PDE

acfivlty (1O), presumably resulting In a declirm In cytoplasmic cGMP levels, How is each step

of the GTP hydrolytic cycle of transducing related to the mechanism of PDE activation?

In frog rod photoreceptors, the activation of PDE by transducing is accompanied by the

ph, sical release of PDE inhibitor from PDE-bourid ROS membranes susperlded in an isotonic,

GTP-containing buffer (35). Washing illuminated disc membranes with an isolonic buffur

released 86°/0 of the peripheral prolelns without any release of Inhlbltor, Subsequent washing

with the sama buffer conlainin~ GTP released 80”/. of the inhibitor. PDE activity was

stimulated about 10 limes by washing membranes with an Isotonic, GTP-containing buffer ever.

If the enzyme acllvlty was measured In the absence of GTP or hydrolyses-raslslanl GTP

analogues. Densltometric scanning demonstrated that tho amo~nl of a protein (Mr 13,000) was

reduced to only 150/’ of the quantity present In the membrafios washed with thn GTP !ree

buffer. The GTP-washed membranes contairmd 850/. of Iho PIE,I! found in membrarms which worn

washed wilh tho GTP free buffer (33), Th(Js, about 60 70% of 13,000 protoin was extract(pd

by the isotonic buffer containing GTP, in close a~rooment with publishrd di~tti (3s),
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When PDE inhibitor was eluted from the frog ROS membranes with guanosine 5’-(~,y-

imino)triphosphate, Gpp(NH)p, it appeared in fractions with an apparent molecular weight of

60,000 upon chromatography in a Sephadex G-100 column (35). Our recent studies (33)

confirmed these data using GTPYs; following purification of the inhibitor using a Blue Sepharose

CL-6B column and a TSK 250 size exclusion column in a FPLC system (Pharmacia), fhese

inhibitory fractions contained Ta and Py. The molecular ratio of Py to Ta in the peak fracllon

was 0.7:1. These data clearly show that in frog photoreceptor systems the PPE activation by

transducing resulted from [he release of the inhibitory subunit Py (complexed with GTpTa)

from the membran6bcmnd PDE,

In contrast, several studies have not detected the release of an inhibitory subunit from the

membrane-bound PDE of bovine photoreceptors in isotonic buffers. Sitaramayya et al (24)

suggested that Py was nof released from the PDE catalytic complex durtng bovine PDE activation.

They showed Ihal kinetic properties (Km for cGMP and Kd for inhibi[or) of the light-activated

and trypsin-activated PDE were quite different and suggested ;hat light-activaf6d PDE exists as

a complex with transducln (Pa,~TaPy or Pa,~Ta). Wensel and Stryer (27) found that

following the washing of bovine ROS membranes with an Isotonic, GTP-containing buffer, Py

was conspicuously absent irom the supernatant. Navon and Fung (22) reached the same

conclusion using coimmunoprecipltation of GTPysTa with holoenzyme of PDE, Hingorani et al

(16) suggested, using blfunctional cross-llnklng reagenls, that the tmlne PDE activation

involves a direct Interaction between Ta.Gpp(NH)p and Tfl,y with Pn,P (without Py release),

We have confirmed !hat our publlshed procedure (35) did not cause the release of Py from

bovine PDE (33), Nellher Tin-bound nor Tin-free Py was detected in the supernatant after

washing ROS membranes with isotonic, GTP-containing buffers, II Is possible that, IF bovlno

ROS membranes (suspended in an Isotonic, GTP-containing buffer) during PDE activation,

eilt’cr Py Is released from Pu,P, and Iho Py TO complex Is not released from tho mombrarm, or

Py mmalns complexed with Pu,[I while interacting w’th T(I, Wonsel and Stryor (27) showod



that the binding of P? to trypsin-treated Pu,p in bovine ROS is very tight and that its

dissociation constant is less than 10 PM. The tight binding of Py to Pa,~ may prevent the release

of Py with GTP”Ta from bovine PDE. Our recent data (33) indicated that 24 nM Py was required

for 500/. Inactivation, of P~free PDE In ROS membranes (0.39 KO) washed with an isotonic,

GTP-containing buffer, These data indicate that in bovine photoreceptors PDE activation does

not relate to the three-dimensional movement of Ta.

If PUE activation by trypsin (18) Is functionally equivalent to PDE activation by GTP, and

trypsin activates 10O”iOof PDE, then only 40% of PDE was activated by washing the frog ROS

membranes with an isotonic, GTP-containing buffer. However, SDS polyacrylamide gel

electrophoresis revealed that 60-70% of P? was extracted from the membrane-bound PDE by

washing with GTP-containing buffer. If frog PDE contains one Py, and the removal or

destruction of Py is the only PDE activation mechanism, there is no simple explanation for the

discrepancy in PDE activation by Ta and trypsln. However, If frog PDE contains two PW per

PDE as suggested in bovine rod photoreceptors (8), these data suggest that bkrdlng of the first

Py to Py-free PDE Inhlblts the majority of PDE actlvlty. The second Py may have other role(s)

in the PDE cascade, for example, the stimulation of cGMP binding to noncatalytic sites on PDE

(31).

C. u 0: tr~ ~~.

GTP hydrolysis Is a prelude to effecter tu, noff In GTP-dependent signal transduction

mechanisms, Cassel and Selinggr (4) first proposed that hydrolysis of GTP is a mechanism for

turnoff of activated adenylate cyclase in turkey erythrocyte membranes, In rod photoreceptors,

GTP hydrolysis also has been shown to be a turnoff mechanism of GTP-activated PDE (28). In

ROS membrane preparations, GTP bound to Ta is hydrolyzed resulting In bound GDP and the

concomitant inhibition of membrane bound PDE (35). Using a Sephadox G 100 column, all

inhibitory activity in the GTP. washed supernalant was elutod in the same fraction as a complox
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of PyGTPysTa (Mr 57,000) (33). In the column chromatography, no inhibitor activity was

found in fracfions around molecular weight 13,000. In these studies the PyGDP”Ta complex

was purified using a Blue Sepharose CL-6B column and a TSK 250 mlumn. t)ensitometric

scanning of the peak fraction in a TSK 250 column chromatography revealed that purified

complex was composed of Py and Ta, and that the ratio of Py to Ta was 1:1. These data indicate

that Py remains in a complex with Ta after GTP is hydrolyzed to GDP and that the binding of Py

to GDP.Ta is not readily reversed.

How does the PyGDP”Ta complex inhibit Py-free PDE? There are two possibilities: (1)

the mmplex interacts first with Py-free PDE leading to the release of GDP”Ta which rsturns to

T~,~, or (2) the complex interacts with membrane-bound Tp,y, releasing Py which

subsequently binds to Py-free PDE. Recent data (33) suggest the second possibility, that the

PyGDP’Ta complex interacts first with T~,T. “Nhan PyGDP.Ta was incubated with T~,y in the

presence of urea-treated disc membranes (which appeared to contain none of the known

components of PDE cascade except rhodopsin) Py was detected in the supernatant following the

association of GDPTa with ROS membranes. In contrast, Py was found associated with

membrane-bound PDE when membranes contained active PDE. These data and ow published data

(30) indicate that, at least in frog rod photoreceptors, GTP hydrolyses is necessary but not

sufficient for the PDE inactivation. Tp,y appears necessa~ for the reiease of Py from the

GDPTa mmplex in order to inactivate Frfree PDE. This mnclusion is also supported by the

data, suggesting that the reassociation of transducing with ROS membranes was not effected by the

presence of Py or PDE, singly o“ in combination (35). In ccntrast, the reassociation of Py with

disc membranes was affected by the presence of (active) PDE.

So far no data has been published aboul the mechanism of PDE turnoff following GTP

hydrolysis to GDP in bovine systems, However, Kroll et al (19) found that the addition of large

amounf+ of GDP Ta to Irypsin-treated PDE resulted In 90- 100”/o Inhibition of the enzyme

activity. Tho GDP T(I complex also inhibited the simulation of cGMP hydrolysis by GTPYsTu.



This inhibition could be reversed by excess GTPysTa, as well as by T~,y, indicating that the

binding site for the activated l“a species is in close proximity antior overlaps the binding site

for the GDP”Ta mmplex on the enzyme. These data suggest that PDE turnoff results from a

direct interaction between GDP”Ta and the catalytic moiety r)iPDE (Pa,~), although the role of

Py in the turnoff mechan;sm remains unclear.

D. ~n of GTPU~!th Py.
,..

Recent data (33,35) indicate that in frog rod photoreceptors, each step of the GTP-

hydrolytic cycle of transducing is closely related to the regulation of PDE activity. Following

GTP binding to Ta, release of the PyGTP”Ta complex from the ROS disc membranes parallels the

increase in PDE activity. Following hydrolysis of GTP, the PyGDPTa complex reassociates with

the membrane with mncurrent reduction in PDE activity. l’he termination of PDE activation is

regulated by subunits of transducing. Thus, i! was of Interest to investigate the effect of Py on the

GTPase activity of transducing. As shown in Figure 2, GTPase activity of transducing was

inhibited by the addition of Py fractions in Blue Sepharose CL-6B column chromatography. In

this experiment, PY was extracted with an isotonic, GTP-containing buffer followlng extensive

washing of illuminated ROS disc membranes. When the effect of P7 on GTPase activity was

measured in the reconstituted system using purified components, 92 nM Py was required for

500/0 deactivation. The Py-sensitive site(s) in the GTP-hydrolytic cycle remain unclear;

however, the data suggest a cbse interaction between Py and transducing subunits. The Py-

dependenl inhibition of GTPase activity has also been repcmed re~erllly in bovine rod

photoreceptors (21 ). However, PTsensitive steps in the GTP hydrolytic cycle are uncertain

since the GTP hydrolytic cycle responsible for PDE turnoff has not been analyzed, In bovine

systems, the GTP hydrolytic cycle related to PDE turnoff may not be the same as the GTP-

hydrolytic cycles of Ta which is free of Py (27).



E. ~ on PDF.
. . .

‘he change in cGMP mncentration in rod photoreceptors is critical in visual transduction.

Total acid-extractable cG~ is estimated to be 60 PM in frog rod outer segments prepared in a

1 mM Ca++ buffer (5); however, the Concentration of free cGMP has been estimated to be only

1-6 VM (2). These data suggest that most of cGMP in rd phn!oreceptors is bound and may be

inaccessible for hydrolysis by light-activated PDE. In frog rod photoreceptors, PDE has been

shown to be one of the cGMP-binding components (34) and the mncentration of PDE is about 30

PM (29), which could bind most of the measured cGMP. Thus, it is possible that a large drop in

free cGMP concentration might produce a relatively small decline in total cGMP concentration

during transduction. The large declines to a fewer steady-state cGMP level obsewed after

longer Iighl exposure may indicate another type of light-induced biochemical response, perhaps

related to light adaptation (6).

In frog rod photoreceptors two classes of high affinity, cGMP-specific binding sites have

been found in PDE (34). Scatchard anal~;~is revealed the presence of two classes of cGMP

binding sites with apparent Kd values of 0.16 and G.83 BM, These high affinity cGMP.specific

binding sites are distinct from the PDE catalytic site, The cGMP-binding sites have been shown

to be extremely sensi!ive to tryptic proleolysis. The most interesting point is that cGMP

binding to the noncatalytic cGMP binding sites are enhanced by Py (31). Ac described, Py is an

inhibitory subunit of f’DE and Py is released with GTP.Ta in trog rod photoreceptors. Thus, the

physiological activators of PDE, light, and GTP, have been shown to reverse the Py effects on

both the enzyme activity of PDF and Ihe binding of cGMP to its noncatalytic sites on PDE. This

d~ta was recently confirmed in toad rod PI, torecerXors (7).

In bovine rod photoreceptors, PDE has been shown to have cGMP binding sites (13).

Preparations of purified bovine rod PDE contained 1,8 t 0,3 mole of lightly bound cGMP per

mole of PDE (13), Scatchard arm%is of cGMP binding indicaled [he presence of two ( iasses of

binding sites on POE with extraordinarily slow dissociation rates. These data suggest that py is

1 ()



not released from PDE with GTPTa during PDE activation, since cGMP release from the

noncatalytic steps has been detected frog rod photoreceptors when Py is released from PDE with

GTPTa. In contrast to rod PDE, bovine cone PDE bind; at least 10-fold more cGMP/mole of PDE

than rml PDE (12). cGMP binds to this noncatalytic site with high affinity (Kd = 11 nM).

These data suggest that the nature of frog rod PDE Is more comparable to bovine cone PDE than to

lmvine rod PDE.

II



F. ~.

Pholoreceplors are highly specialized neurons. Although many proteins detected In rod

photoreceptors have not been identified (14), the prima~ proteins have been purified and

their roles have been identified In the light-activated PDE cascade. Thus, photoreceptors have

been a useful model for the smdy of signal transduction mechanisms. This ravlew shows that the

frog rod PDE cascade may be especially unique, The three-dimensional movoments of the Pyla

complex in an isotonic buffer give the frog PDE cascade unique utiiity for the study of GTP-

dependent signal transduction systems, .speclally In the studies ot InteractIon between

transducing and PDE subunits. These differences between frog and bovine systems may stem

from differences in one or more transducing subunit(s) (15) and/or PDE (26). The

clarification of these differences in the mechanisms of PDE activation will enhance lhe study ot

signal transduction, allhough they do not appear to be fundamental differences. Moreover, the

studies of the signal transduction mechanism would be enhanced further through integration of

the data concerning G-protein-effecter interaction from Invertebrate visual systems and

hol monal regulation of adenylate cyclase systems,
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Figure 1. Scheme of GTP hydrolytic cycle. a,fl,~ transducing subunits Ta, T~, and Ty,

respectively. Reaction 1: GTP binding to Ta; Reaction 2: release of GTPTa;

Reaction 3: hydrolysis of bound GTP; Reac!lon 4: return of GDPTa; and Reaction

5: GDP release.

Figure 2. Inhibitory effect of Py on the GTPase activity of transducln. Illuminated ROS

membranes from 50 frogs were washed with 5 ml of a buffer (1O mM TrisHCl (pH

7.5), 5 mM DTT, 5 mM Mg S04, 0,1 mM phenylmethylsulfonyl fluoride (PMSF),

0.005 mM pepstatin and 0.005 mM Ieupeplin) (x7) and with 5 ml of a buffer (100

mM Tris” HCl (pH 7,5), 5 mM DTT, 5 mM MgS04, 0,1 mM PMSF, 0.005 mM

pepslatin and 0.005 mM Ieupeplln) (x7) and Py was extracted from the washed

membranes with 5 ml of the same bufier containing 400 f,LMGTP, The supematanl

containing Py was applied to a Blue Sepharose CL-6B column (9 x 300 mm). The

proteins were eluted with KCI gradient (0.1,5 M) In 6 buffer (10 mM TrlsHCl (pH

7.5), 1 mM DTT, 5 mM M9S04, and 0.1 mM PMSF). Following Iyophllizatlon of each

fraction (40 pl) Py effects on Pyfree PDE activlly (.) and GTPase actlvlty (o) wore

examined (33,36). 1007. of PDE activity represents 12 p mole cGMP

hycfrolyzod/mg/min, 100°/0 of GTPase reprosent 4,2 p molos GTP

hydrolyzed/mg/mln, TtIe peak fraction (66) of pro!oln (A) conlaln 0,19 llg/100

)11.
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