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Role for the Target Enzyme in 
Deactivation of Photoreceptor 

G Protein in Vivo 
Stephen H. Tsang,* Marie E. Burns,* Peter D. Calvert, 

Peter Couras, Denis A. Baylor, Stephen P. Coff, 
Vadim Y. Arshavskyt 

Heterotrimeric guanosine 5'-triphosphate (CTP)-binding proteins (C proteins) 
are deactivated by hydrolysis of the GTP that they bind when activated by 
transmembrane receptors. Transducin, the C protein that relays visual excita- 
tion from rhodopsin to the cyclic guanosine 3',5'-monophosphate phospho- 
diesterase (PDE) in retinal photoreceptors, must be deactivated for the light 
response to recover. A point mutation in the y subunit of PDE impaired trans- 
ducin-PDE interactions and slowed the recovery rate of the flash response in 
transgenic mouse rods. These results indicate that the normal deactivation of 
transducin in vivo requires the C protein to interact with its target enzyme. 

In nuinerous signaling cascades, G proteins 
relay signals from seven-helix receptors to 
target effector molecules. G proteins become 
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activated upon receptor-catalyzed binding of 
GTP to the oc subunit and the11 modulate the 
activity of an effector until the bound GTP is 
hydrolyzed to guanosine diphosphate (GDP) 
(1). Two different mecha~lisms control the 
rate of GTP hydrolysis. First, the guanosine 
triphosphatase (GTPase) activities of at least 
two G proteins (transducin and G,) can be 
increased by their target enzymes in vitro (2, 
3). Second, the rate of GTP hydrolysis call be 
accelerated by rnembers of the regulators of 
G protein signaling (RGS) proiein family. 
RGS proteins are strong GTPase activators 
for a large spectl-urn of G proteins (4). The 
individual roles of the effector and the RGS 
protein in controlling G protein deactivation 
in vivo are not known. 

The photohailsduction cascade of retinal 
rods is a particularly accessible G protein sig- 
nali~lg system ( 5 ) .  Upon absolytion of a photon, 
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photoexcited rhodopsin activates transducin, Transducin activates PDE binding to its y sub PDE (PDEclP). Hydrolysis of cGMP by PDE 
which in turn activates its effector, cyclic units (PDEy), which removes their inhibitory lowers the cytoplasmic cGMP concentration 
guanosine 3',5'-monophosphate (cGMP) PDE. constraint on the CY and P catalytic subunits of and closes cGMP-gated cationic channels in the 

rod plasma membrane, which reduces the in- 

out; (8) a 13-mot&1-old PDEy knockout with the 
W70A transgene, and (C) a 7-week-old PDEy 
W o u t  with the wild-type PDEy transgene. Scale 
bar, 40 pm. (D) Normal ERG B wave in W70A 
retinas over 13 months Error bars indicate SEM. 
Inset shows corneal ERG recordings from control 
outbred mice (control), PDEy knockout mice that 
were rexued by a wild-type PDEy transgene (wild- 
type transgene), and W70A mice (W70A trans- 
gene). Flash intensities were 400 pW/cm2 for all 
responses. For inset ERG traces, maximum ampli- 
tudes were between 400 and 500 pV, and dura- 
tions were 300 ms. (E) Quantification of PDEy and 
RCS9 in control outbred mice (control), PDEy 
knockout mice that were rescued by a wild-type 
PDEy transgene (A4), C57BV6J control mice (86) 
and W70A mice (W70A). ROS samples (4 pg of 
rhodopsin) were subjected to SDS-polyaaylamide 
gel electrophoresis (12% gel) and probed on blots 
with rabbit antibodies to PDEy (25) and RCS9 and 
a chemiluminescence detection kit (the dectro- 
phoretic mobility of the W70A mutant differs from 
that of the wild-type PDEy). 

I 
0 2 4 6 8 1 0 1 2 1 4  

Time (Months) 

ward current. During the recovery of the pho- 
toresponse, transducin deactivates hydroly&g 
its bound GTP, thus permitting PDEy to rapidly 
reinhibit PDEclP. However, GTP hydrolysis by 
transducin in vitro is much slower than the 
recovery of the photoresponse, suggesting that 
one or more GTPase activators speed transdu- 
cin's deactivation in vivo. The addition of 
PDEy to reconstiMed photoreceptor mem- 
branes accelerates transducin's GTPase activity 
(2). However, this effect of PDEy requires the 
presence of another membrane-associated pho- 
toreceptor protein, RGS9 (6, 7). A fiagment of 
RGS9 that contains the RGS homology do- 
main, as well as other RGS proteins, accelerates 
transducin GTPase activity in the absence of 
PDEy (7, 8), however, PDEy can further en- 
hance the catalytic activity of RGS9 (7). 

The Trp70 of PDEy is crucial for its inter- 
action with transducin. Studies in reconstituted 
systems indicated that the substitution of Ala 
for Trp70 (W70A) has two effects: It reduces 
the aflinity of PDEy for transducin (9, 10) and 
it abolishes the acceleration of GTP hydrolysis 
in the transducin-PDEy complex by photore- 
ceptor membranes that contain RGS9 (9). We 
used the W70A mutation to determine whether 
transducin-PDEy interactions are also required 
for the normal deactivation of transducin in the 
intact rod. We analyzed two mouse lines in 
which the PDEy gene was replaced by the 
W70A transgene and one mouse line in which 
the PDEy gene was replaced by the wild-type 

Fig. 2. Functional expression of phototransduction proteins in W70A rods. (A) 
Light-dependent binding of CTP-y-S in ROS from control and W70A mice. 
Dark-ada ted ROS (16 pl) containing 15 p,M rhodopsin were mixed with 8 pI 
of 9 pM FsqGTP-y-S under infrared illumination. After a 10-s incubation, the 
amount of bound CTP-y-S was determined in a 7-pl portion by the nitrocel- 
lulose filter binding assay (26). The rest of the sample was bleached, and the 
CTP-y-S binding was determined in another portion. Error bars indicate SD. (8) 
Trypsin-activated and (C) basal PDE activity. The reaction was started by 
mixing ROS containing 7.5 pM rhodopsin (14 pl) with 7 pl of 1 mM 
[3H]cCMP, proceeded for 2 to 6 s (0) or 2 to 10 min (C), and was stopped by 
the addition of 100 pl0.1 M HCI; the amount of hydrolyzed cCMP was then 

0.00 determined (76). Before the reaction was initiated, the ROS were incubated 0'00 O ~ I  U ~ M  D.~L UOM control WOA control WOA 
with either trypsin (10 pg/ml) (0) for 30 min to achieve complete PDE 
activation or 3 pM cCMP (C) for 2 min to stabilize basal PDE activity (25). The ' results are averages from two (0) or three (C) separate experiments; error bars ! D POE ~ s t i ~ n y  100 F E Tnmducin GTP- i 

indicate the range of determined values. (D) PDE activation by transducin. 
Bleached ROS (14 pl) containing 15 pM rhodopsin were incubated with 3 pM 
cCMP for 2 min to stabilize PDE basal activity, and the reaction was started by 
adding 7 pl of 2 mM [3H]cCMP, which was supplemented by the indicated 
amounts of CTP-y-S. The reaction was stopped either at 2 s (control) or 20 s 
(W70A) by the addition of 100 pl of 0.1 M HCI, and the amount of hydrolyzed 
cCMP was determined (76). The curve is a hyperbolic fit to the results from 
one of three similar experiments. The addition of CTP-y-S in amounts less I 

than the amount of transducin resulted in complete binding that was light WOA 

dependent. The results are averaged from two independent determinations. 
Error bar indicates the range of determined values. (E) Transducin CTPase 0.0 0.2 0.4 0.8 0.8 10.0 o 10 20 30 
activity. The single-turnover CTPase reaction was started by mixing bleached torPlsl. Irw nm, s 
ROS (14 p,l) containing 30 FM rhodopsin with 7 pl of 0.3 p,M [y-32P]GTP, and 
the time course of 32Pi (Pi, inorganic phosphate) formation was determined by the activated charcoal assay (27) after the samples were quenched with 
perchloric acid. The rate constants of transducin CTPase activity that were determined by exponential fits of the results were 0.141 + 0.021 s-' (mean + 
SD) for control ROS and 0.052 + 0.004 s-' for W70A ROS. The results shown are from one of two similar experiments. 
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transgene. Mutant or wild-type PDEy cDNAs in W70A ROS, which was determined by 
under the control of the opsin promoter were 
constructed and used to generate transgenic 
mice by conventional means (11). The PDEy- 
deficient parental mice displayed rapid and se- 
vere retinal degeneration (12) (Fig. 1A). How- 
ever, expression of either W70A or wild-type 
PDEy transgenes restored normal retinal mor- 
phology (Fig. 1, B and C) and stable electro- 
retinogram (ERG) recordings for up to 13 
months (13) (Fig. ID). Protein immunoblot 
analysis suggested that the expression level of 
both PDEy (or W70A) and RGS9 in rod outer 
segments (ROS) of the transgenic mice was 
similar to that in control rods (14) (Fig. 1E). 

measuring the maximal light-dependent bind- 
ing of a nonhydrolyzable GTP analog, 
guanosine 5'-0-(3'-thiotriphosphate) (GTP- 
y-S), was 0.084 -C 0.004 rnol per mol of 
rhodopsin (mean 2 SD; n = 7) in control and 
0.078 -C 0.003 mol per rnol of rhodopsin (n = 

6) in W70A ROS (Fig. 2A). Total PDE ac- 
tivity, determined by removing the inhibition 
conferred by PDEy or its W70A mutant by 
trypsinolysis (16), was also very similar be- 
tween W70A and control ROS (Fig. 2B). Basal 
PDE activity, which is restrained by PDEy in 
the dark, was similar in dark-adapted W70A 
and control ROS (Fig. 2C), indicating that the 

Likewise, the rhodopsin content in the retinas of W70A mutation does not grossly alter the abil- 
transgenicmice was indistinguishable from that ity of the y subunit to inhibit the oc and fi 
in controls (15). subunits of PDE. We conclude that W70A ex- 

Expression of the W70A transgene had no pression caused minimal alterations in the ex- 
effect on other proteins of the phototransduc- pression of functionally active rhodopsin, trans- 
tion cascade. The total amount of transducin ducin, and PDE. 

Fig. 3. Reduced flash 
sensitivity and slow 
response kinetics in 
W70A rods. (A) Suc- 

PA 

tion electrode record- 
ings of responses to I I 0 

flashes of increasing 
J I I I 

0 1  2 0 1  2 

strength from a con- Tme is) T~me is) 

trol 7129/Sv~) and a 
W70A mouse rod. The 
control traces are the 
average of 3 to 66 re- 
sponses to flashes that 
varied in strength 
from 9.83 to 2520 
photons per square 
micrometer by factors 
of 2. The W70A traces 

0 0 0  1  0  2 

T~me (s) 

are the averages of 5 C z r  F I 

to 29 responses to 
flashes that varied I 

from 3460 to 283,000 
photons per square 
micrometer bv factors 
of 2. Flashes here de- I I I 

livered at t = 0. (B) 
0 1 2 

T~me (s) 
Dependence of normal- 
ized response ampli- D 4 

tude on flash strength 
for W70A rods (solid 
circles) and various 
control rods, including 
hemizygous rods ex- 
pressing the W70A [Ll 0 1 2 

transgene (solid trian- 
gles), PDEy knockout Time (s) 

0  5 0  1 0 0 x 1 0 . ~  

Time (s) 

photosomerizatons 

rods expressing the 
wild-type PDEy transgene (squares), 129/Sv] rods (open circles), and C57BU6J rods (open triangles). The 
control relations were fitted with saturating exponential functions, and the W70A relation was fitted by 
the Michaelis relation (19). (C and D) Superimposed average flash responses from a control rod (thin 
lines) and a W70A rod (thick lines). Flashes that elicited -2 (control) or 950 (W70A) photoisomerizations 
in (C) or 7.6 (control) or 18,216 (W70A) photoisomerizations in (D) were delivered at t = 0. The maximal 
response amplitudes in (C) were 8.0 pA (control) and 6.1 pA (W70A). The maximal response amplitudes 
in (D) were 10.6 pA (control) and 5.2 pA (W70A). (E) Normalized responses [r(t)/r of a W70A rod to 
flashes of increasing strength (734 to 361,000 photons per square micrometer). #) PDE activity (PDE*) 
as determined from the normalized flash responses in (E) (20). Straight lines are fitted to the first 100 
ms of the response, beginning at the onset of the flash (lower trace). (C) The rate of PDE activation [that 
is, the slope of the lines fitted in (F)] was determined for four control rods [two 129/SvJ and two C57BU6J 
(open symbols)] and four W70A rods (solid symbols). The maximal rate of PDE activation in W70A rods 
occurred at -100,000 photoisomerizations, or -100 photoisomerizations per disc face. 

To assess the ability of transducin to ac- 
tivate PDE, we added various amounts of 
GTP-y-S to light-activated ROS (Fig. 2D). In 
control ROS, GTP-y-S at saturating concen- 
trations activated PDE to the same maximal 
level as that observed when PDE was trypsin- 
activated. In W70A ROS, however, activa- 
tion of the entire transducin pool with GTP- 
y-S was not sufficient to produce an increase 
in PDE activity above basal levels. In addi- 
tion, the rate of GTP hydrolysis by transducin 
in ROS purified from W70A mice was slower 
than that in ROS from the control animals 
(17) (Fig. 2E). Because RGS9 expression in 
W70A rods was normal (Fig. lE), we con- 
clude that the prolongation of transducin's 
lifetime was caused by the uncoupling of 
activated transducin and W70A PDE. 

To assess the effects of the W70A mutation 
on visual transduction in vivo, we recorded the 
photoresponses of single intact rods from 
W70A and control mice (18) (Fig. 3). All 
W70A rods examined (n = 48) were extremely 
insensitive to light (Fig. 3, A and B) and exhib- 
ited photoresponses that recovered more slowly 
than those of controls (Fig. 3, C and D). The 
flash strength required to elicit a half-maximal 
response was 21,600 t 640 photons/p,m2 for 
W70A (mean + SEM; n = 20) and 74.8 -C 1.9 
photons/p,m2 (n = 14; strain 129iSvJ) and 
112 + 11 photons/p,m2 (n = 14; strain C57BL/ 
65) for control rods (19) (Fig. 3B). To deter- 
mine whether the inability of transducin to in- 
crease PDE activity results from reduced bind- 
ing affinity between transducin and W70A or 
from lower hydrolytic activity of the transdu- 
cin-PDE holoenzyme complex, we calculated 
the light-evoked PDE activity as a function of 
time (20) (Fig. 3, E to G). PDE activity in 
W70A rods rose linearly for 100 ms after a 
flash that activated -100 rhodopsins per disc 
face. Because such a bright flash would have 
normally activated all of the PDE within a few 
milliseconds (24,  the rate of PDE activation in 
W70A rods proceeded about three orders of 
magnitude more slowly than normal. This im- 
pairment, which is consistent with the biochem- 
ical measurements in Fig. 2D, indicates that 
PDEocP reduced the affinity of transducin for 
W70A in our experiments or that the W70A 
mutation slows the disinhibition of PDEocP af- 
ter transducin binds. 

The impaired transducin-PDE interactions 
in W70A rods were associated with slow 
photoresponse kinetics (Fig. 3, C and D). The 
time to the peak of the dim flash response 
was 309 t 14 ms (mean t SEM; n = 17) in 
W70A rods and 100 t 1 ms (n = 17) in 
controls. The time course of recovery was 
assessed by fitting a single exponential func- 
tion to the final decline of the response. Re- 
sponses of W70A rods declined seven times 
more slowly (exponential time constant T = 

1047 t 22 ms; n = 24) than the responses of 
control rods (7 = 139.7 t 1.7 ms; n = 28). 
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Fig. 4. Normal Ca2+-de- A 
pendent negative feed- [ n CONTROL W70A 
back in W70A rods. (A) 
BAPTA slowed or abbl: PA 
ished the rapid recov- 
erv component of the 
cintrol and the W70A L L\-+-+- 
resDonses. Small ~ieces 
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Time (s) 
AM for 10 min with 
gentle agitation before suction electrode recording from sin- B ,,, 
gle rods. Control traces are the average responses to flashes 
that elicited -7.6 photoisomerizations [without BAPTA (thin 3 ,, 
trace)] or 10.6 photoisomerizations [with BAPTA (thick trace)]. i 
W70A traces show the average responses to flashes that 2 
elicited -3500 photoisomerizations [without BAPTA (thin 
trace)] or 2400 photoisomerizations [with BAPTA (thick 4 2 5  

trace)]. The maximal response amplitudes were 10.5 and 6.1 $ 
pA (with BAPTA) in control rods and 6.1 and 7.4 pA (with o 
BAPTA) in W70A rods. (B) The dependence of guanylate lo1 I o2 1 o3 10' 

cyclase activity on Ca2+ concentration in ROS from control 
and W70A mice. The cyclase activity was measured by a [ca2+i nM 

method similar to that previously described (28). The reaction was initiated by adding 5 pl of 
intracellular buffer (74) (containing 1 mM [C~-~~P]GTP, 10 mM cGMP, 20 pM adenosine 5'-triphosphate, 
and Ca2+ buffered by BAPTA to the indicated concentration) to 10 pl of ROS suspension containing 15 
pM rhodopsin, 100 pM zaprinast, and Ca2+ buffered to the same concentration. The reaction was 
stopped after 2 min by the addition of 50 mM EDTA (pH 7.0) and was immediately boiled for 1 min. 
The results are taken from one of two similar experiments. The dependence of the guanylate cyclase 
activity on Ca2+ concentration was fitted by the Hill equation a = amax - (amax - a ) Ca"l(Can + 
K,,,"), where a is the rate of cGMP formation, a,,, is the maximum rate at low c?', a,,, is the 
minimum rate at high Ca2+, K,,, is the half-saturating Ca2+ concentration, and n is the Hill coefficient. 
For control mice, the parameters are a,,, = 76.5 pMIs, a,,, = 5.5 pMIs, KlI2 = 129 nM Ca2', and 
n = 2.45. For W70A mice, the parameters are a,,, = 96.3 pMIs, a,,,, = 7.5 pMIs, KIl2 = 129 nM 
Ca2+, and n = 2.1 7. 

The time constant of recovery in W70A rods 
was unchanged over a range of flash 
strengths that activated up to - 140,000 rho- 
dopsin molecules (22), which indicated that 
the slow recovery kinetics were not the result 
of the depletion of other deactivation en- 
zymes. Because the rate of association of 
PDEy with PDEaP was unaffected by the 
W70A mutation (9) ,  the slow recovery of the 
W70A responses cannot be attributed to a 
reduced rate of reinhibition of the catalytic 
subunits. Instead, both the prolonged time to 
peak and the slow recovery of W70A re- 
sponses are consistent with a lengthened life- 
time of activated transducin. This indicates 
that transducin must bind to PDEy for trans- 
ducin to deactivate normally. 

After bright flashes, when the amplitude of 
W70A responses exceeded -1 PA, a rapid 
phase of recovery usually preceded the slow 
phase (in 44 of 48 cells) (Fig. 3, A and D). The 
Ca2+ buffer 1,2-bis(2-aminophenoxy)ethane- 
:L<l\',N:N'-tetraacetic acid-acetoxymethyl es- 
ter (BAPTA-AM), which slows changes in 
intracellular Ca2+ concentration, slowed or 
eliminated the rapid component of recovely 
in both W70A and control photoresponses, 
yet had no effect on the final slow recovery of 
the W70A responses (Fig. 4A). The Ca2+ 
regulation of guanylate cyclase, which is 
probably a primary calcium feedback mech- 
anism in the W70A response (23), was very 
similar in control and W70A ROS (Fig. 4B). 

These experiments support the notion that the 
rapid component of recovery is due to normal 
calcium feedback to the cascade, whereas the 
slow component of recovely reflects slowed 
GTPase activity due to the W70A mutation. 

Our results provide evidence that interac- 
tion with the effector enzyme influences the 
rate of G protein deactivation in vivo. Al- 
though RGS9 alone enhances the GTPase 
activity of transducin ( 7 ) ,  transd~~cin must 
interact with PDEy to produce the rapid de- 
activation that is character~stic of the normal 
flash response. The dual requirement for an 
RGS protein and the effector may be a gen- 
eral strategy to ensure that the G protein 
relays excitation from the activated receptor 
to the effector with high efficiency. 
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Trypanosoma cruzi, pathogens known to es
cape from the phagocytic vacuoles into the 
cytoplasm of infected host cells. CTLs have 
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