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Mechanisms of Rhodopsin Inactivation in Vivo as 
Revealed by a COOH-Terminal Truncation Mutant 

Jeannie Chen,* Clint L. Makino, Neal S. Peachey, 
Denis A. Baylor, Melvin I. Simon 

Although biochemical experiments suggest that rhodopsin and other receptors coupled 
to heterotrimeric guanosine triphosphate- binding proteins (G proteins) are inactivated by 
phosphorylation near the carboxyl (CO0H)-terminus and the subsequent binding of a 
capping protein, little is known about thequenching process in vivo. Flash responses were 
recorded from rods of transgenic mice in which a fraction of the rhodopsin molecules 
lacked the COOH-terminal phosphorylation sites. In the single photon regime, abnormally 
prolonged responses, attributed to activation of individual truncated rhodopsins, oc- 
curred interspersed with normal responses. The occurrence of the prolonged responses 
suggests that phosphorylation is required for normal shutoff. Comparison of normal and 
prolonged single photon responses indicated that rhodopsin begins to be quenched 
before the peak of the electrical response and that quenching limits the response 
amplitude. 

I n  rod photoreceptors, photoexcitation of 
rhodopsin triggers activation of a G protein 
that leads to a decrease in the intracellular 
concentration of guanosine 3',5'-mono- 
phosphate (cGMP). Membrane channels 
gated by cGMP then close, and the rod 
photoreceptor hyperpolarizes ( 1 ). The pro- 
cesses mediating the recovery of the re- 
sponse to light are not well understood. In 
vitro, rhodopsin's activity can be quenched 
by the phosphorylation of the COOH-ter- 
minus and the subsequent binding of arres- 
tin (2). It has not been demonstrated, how- 
ever, that this mechanism causes shutoff in 
vivo. Furthermore, the kinetics of shutoff in 
vivo are not known. 

To address these questions, we generated 
transgenic mice that produced a form of 
rhodopsin in which the COOH-terminal 
sites that are phosphorylated by rhodopsin 
kinase (3) or protein kinase C (4) were 

deleted (Fig. 1A). Studies on the structur- 
ally related p-adrenergic receptor indicated 
that removal of 15 COOH-terminal amino 
acids from rhodopsin would probably yield a 
molecule capable of excitation but resistant 
to shutoff (5). The mouse genomic con- 
struct, which contained all coding se- 
quences and introns as well as 5 kb of the 5' 
and 1.5 kb of the 3' flanking regions, was 
altered by sitedirected mutagenesis to cre- 
ate a stop codon at residue 334 (S334ter) 
(Fig. 1B). Expression of this transgene was 
restricted to rods and occurred at the same 
time as the expression of normal opsin dur- 
ing development of the retina. Because 
overproduction of normal or modified rho- 
dopsin invariably causes the retina to de- 
generate (6 ,7) ,  we screened several lines of 
transgenic mice for animals with low 
amounts of transgene expression. Four of 
five lines expressed high amounts of 

Fig. 1. Truncation mutant of rho- 
dopsin. (A) A model for hodopsin A 
in the disc membrane (cross-sec- 
tional new, each circle representing 
an amino acid). Sites of hodopsin 
kinase phosphorylation in normal 
hodopsin are S e F ,  S e F ,  and .,% 

SeP3 (23), shown by solid, filled cir- c - 
----- cles. The polypeptide chain in the .-- - 

rhodopsin truncation mutant end- , ,- rr 

ed at the site marked by the arrow. ( 

(6) Transgene construct. The 1 1 - 
kb Barn HI fragment of the mouse 
rhodopsin gene contained 5 kb of 

B Dde l the 5' upstream sequence, all cod- 
ing sequences (indicated by filled + CTAAG @ 4.. 
boxes) and introns, and 1.5 kb of 
the 3' downstream sequence. A 

d8 
I 

stop codon was created at ammo - 1 kb 
acid position 334 through site-spe- 
cific mutagenesis of two residues (TCC + TAA, indicated by the asterisks) in exon five. This mutation 
also created a Dde I restriction site in the transgene construct. The arrows indicate the positions of the 
PCR primers used in RT-PCR (5'-GAGCTCTTCCATCTATAACCCGG-3' and 5'-GGCTGGAGCCAC- 
CTGGCTG-3'). 
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transgene expression. 
(A) RT-PCR measure- 
ment of the relative & 
amounts of endogenous .&b . - 5 and transgene tran- 
scripts. The expected - 4 

157- base pair (bp) PCR r, 0 

product from the normal 
rhodopsin cDNA was re- 
sistant to Dde I digestion, whereas the mutant 
rhodopsin PCR product was cleaved into 112- 
and 45-bp fragments. Only the 112-bp fragment 
was visible because the small quantity of the 
smaller fragment was below the detection limit of 
ethidium bromide. (6) Protein immunoblot analy- 
sis of rhodopsin in outer segments. When probed 
with an antibody to the NH,-terminus, two bands 
for rhodopsin appeared in the sample from wild- 
type animals (white arrows), which may reflect dif- 
ferent degrees of posttranslational modification. In 
addition to these two bands, samples from 
S334ter animals contained a band (filled arrow) 
that migrated at the position expected for the 
smaller S334ter species, (C) The additional band 
did not appear when the blot was probed with an 
antibody to the COOH-terminal amino acid resi- 
dues 340 to 348. Thus. the smaller species was 
due to a COOH-terminal truncated form of rho- 
dopsin. Densitometric scanning of the blot in (6) 
indicated that S334ter composed -1096 of the 
total rhodopsin in the transgenic animals. 

S334ter rhodopsin. In these animals, rods 
failed to make an outer segment and degen- 
erated at an early age (8). One line pro- 
duced relatively low amounts of S334ter 
and was used for our experiments. 

The morphology of retinas in 2-month- 
old adult animals was indistinguishable 
from that of normal siblings. After 3 
months, some differences became discern- 
ible. The thickness of the outer nuclear 
layer was reduced to -80% of normal, and 
the rod outer seements were shorter. The " 
loss of photoreceptors was progressive: By 1 
year of age, the S334ter outer nuclear layer 
was further reduced to -60% of its normal 
thickness. 

Reverse transcriptase and the poly- 
merase chain reaction (RT-PCR) were used 
to estimate the relative amounts of mRNA 
encoding S334ter and normal rhodopsin in 
the rods (9). The primer sequences for the 

J. Chen and M. I. Simon, Division of Biology, California 
Institute of Technology, Pasadena, CA 91 125, USA. 
C. L. Makino and D. A Baylor, Department of Neurobiol- 
ogy, Stanford University School of Medicine, Stanford, 
CA 94305, USA. 
N. S. Peachey, Veterans Administration Hospital, Hines, 
IL 60141, USA, and Department of Neurology, Stritch 
School of Medicine, Loyola University of Chicago, May- 
wood, IL 601 53, USA, 

'To whom corres~ondence should be addressed. 

Fig. 3. ERGs of normal and 
S334ter mice. (A) ERGS re- 

A 
ISI: 2 min 1 min 30s 10 s 

corded from a normal I 

mouse and a transgenic one 
to a flash of 0.85 log cd s 
m-2 presented in darkness 
with different intervals elaps- 
ing between flash presenta- 
tions. Vertical dashed lines 
indicate times of stimulus 
presentations. ERGs are av- 
erages of two or three re- 
sponses. Scale bars are 250 
i v  vertically and 50 ms o r -  S3311er 4 ( \ izontally. (B) Amplitude of 
the a-wave as a function of 
ISI. The amplitude of the a- 

il' 
wave was measured at 8 ms ' a  
after presentation of the 
stimulus, a point before the intrusion of the postrecep- 
toral b-wave, and normalized to the value obtained with 
an interval of 5 min. Symbols represent the averages (? 
SEM) of four transgenic and three normal mice. 

wild-type and mutant complementary 
DNAs (cDNAs) were identical. so PCR 
should have amplified both types equally. 
Because the site-directed mutaeenesis cre- - 
ated a restriction site in the transgene con- 
struct (Fig. lB), the product of the trans- 
gene could be distinguished from that of the 
wild type by digestion of the PCR products 
with Dde I (Fig. 2A). O n  the basis of the 
relative intensities of the amplified product, 
we estimated the amount of S334ter 
mRNA to be about 0.12 2 0.06 (mean 2 
SD: n = 5) relative to the normal. Protein 
imrkunoblot analysis of enriched rod outer 
segment preparations from transgenic mice 
showed two bands corresponding to normal 
rhodopsin and a third, faster migrating band 
corresponding to truncated rhodopsin when 
an antibody to the NH,-terminus was used 
(Fig. 2B) (10). Densitometric scanning of 
the gel showed that the truncated product 
was present at an amount -10% that of 
native rhodopsin. Consistent with its 
identity as the COOH-truncated form, the 
low molecular weight band was not la- 
beled by an antibody to the COOH-ter- 
minus (Fig. 2C). 

We recorded electroretinograms (ERGS) 
from S334ter mice and littermate control 
mice to test for abnormal photoreceptor 
function (1 1 ). Measurable at the corneal 
surface, the ERG is a light-evoked extracel- 
lular field potential that is generated by the 

0-0 Normal 
e-• S334ter 

0.00- 
5 4 3 2 1 0  

IS1 (min) 

massed electrical activity of the retina. Par- 
ticular attention was paid to the a-wave 
because this ERG component is most close- 
ly associated with the light-evoked electri- 
cal responses of the photoceptors (1 2). The 
cone-mediated ERG was normal (1 3). The 
rod-mediated a-waves of transgenic mice " 
were only slightly below the average ampli- 
tude of the normals, provided that the in- 
terstimulus interval (ISI) was sufficiently 
large. As the IS1 was reduced, responses 
from normal mice changed little, whereas 
those of S334ter mice became progressively 
smaller (Fig. 3, A and B). The a-wave re- 
duction seen in S334ter mice at short ISIs 
indicates that their rods recovered more 
slowly from a flash than those of normal 
mice. 

We explored the apparent defect of rod 
function in S334ter by recording the light- 
evoked electrical responses of individual 
rods (14). Electrical responses of a control 
rod to flashes of several strengths were com- 
pared with those of an S334ter rod (Fig. 
4A). At  dim flash streneths. some S334ter - ,  - ,  

rod responses were abnormally prolonged, 
whereas at greater flash strengths, all 
S334ter responses were prolonged. This 
prolonged recovery after bright flashes pro- 
vides an explanation for the decrease in the 
ERG with shorter IS1 in S334ter mice. The 
form of the recovery phase of the flash 
responses from S334ter rods consisted of a 
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seauence of s te~ l ike  transitions. The num- A 
Control S334ter 

"'"''''IIIII Dim I I I I I  

4 4 

L Moderate 

Bright I 
, , I ,  I I I I I I I  1 1 1  
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Fig. 4. Electrical recordings from single rod cells. (A) 
Responses of a control rod (left) and of an S334ter j 
rod (right) to 500-nm flashes of different strengths. 20- 

From top to bottom, flash strengths were 27, 331, 
and 4105 photons per square micrometer. Some 
dim flash responses in S334ter rod5 appeared nor- 0- 

I I 

mal, but others were abnormally prolonged (arrows I I 

0 10 20 30 
in top right panel). For the S334ter rod exposed to Duration (s) 

the bright flash (bottom rlght panel), the break in the record was 262 s .  Lower trace of each palr is 
a flash monitor.' (6) Representative responses of an S334ter rod to dim flashes, showing a failure 
to respond (top), a normal single photon response (middle), and a large, prolonged response (bot- 
tom). Flash strength was 3.2 photons per square micrometer at 500 nm. (C) Relative Incidence of 
prolonged and normal responses. We scaled a replica of the averaged prolonged response (24) by a 
factor of 0.13 (curve 4) to match the amplitude of the average of 222 dim flash responses (curve 1) at 
1 s after the flash. The difference (curve 2) resembled the normal single photon response of this cell 
(25) when the normal response was scaled by a factor of 0.67 (curve 3). The ratio of the scaling factors 
for the prolonged and normal components, 0.13/0.67, gave the fractional incidence of prolonged to 
normal responses, 0.20. (D) Kinetics of prolonged responses. We superimposed the average of 49 
prolonged responses with the normal single photon response by aligning their lnltlal rislng phases. (E) 
Distribution of the durations of 325 prolonged responses measured at half maximal amplitude. The 
mean duration of the prolonged response in this rod was 5.2 s .  We fitted the distribution with an 
exponential functlon of time constant 4.5 s ,  omitting the first bin because some short events were 
probably missed. 

ber of steps, as well as the length of the 
treads, varied from trial to  trial. A t  the 
highest flash strength, control rods only 
occasionally exhibited a single step (Fig, 
4A), whereas 22 of 29 transgenic rods be- 
haved similarly to the transgenic cell illus- 
trated. With very bright flashes, recovery in 
S334ter rods sometimes was interrupted by 
a stepped secondary rise before the final 

'decline, and late steps typically appeared 
after the current recovered to base line (Fig. 
4A). 

S334ter rods were stimulated bv dim 
flashes that photoisomerized approxikately 
one rhodopsin per trial. Many responses 
were indistinguishable from those of control 
rods, but some rose monophasically to a 
plateau with an  amplitude nearly twice that 
of the normal single photon response and 
remained at that amplitude for up to 30 s 
(Fig. 4, B and E). This behavior suggests the 
absence of a kev nrocess that restrains and , L 

terminates the normal elementary flash re- 
snonse. In successive trials, normal and wro- 
longed responses appeared in an  unpredict- 
able sequence, indicating that prolonged 
responses did not simply reflect a long-term 
change in the state of the cell. Thus, the 
staircase during recovery of the response to 
a moderately bright flash apparently result- 
ed from the summation of multiwle wro- . . 
longed events, each of which shut off at a 
different time. 

The probabilities that a single photon 
would trigger a prolonged or normal re- 
sponse were estimated. The average re- 
sponse to a large number of dim flashes was 
decomposed into normal and prolonged 
components (Fig. 4C). The amplitude of 
each component in the average, divided by 
the amplitude of the elementary event (for 
example, 0.9 pA for normal and 1.3 pA for 
prolonged, single photon responses in this 
cell), cave the relative freauencies of occur- , , "  

rence of each type of response. Prolonged 
responses occurred with a frequency of 0.15 
+ 0.05 (mean 2 SD; n = three rods from 
two mice) of that of normal reswonses. The 
agreement of this result with ;he relative 
amounts of S334ter and normal rhodopsin 
mRNA and with the estimated amounts of 
each opsin in the outer segments supports 
the notion that the prolonged responses 
arose from photoexcitation of truncated 
rhodonsin. 

The rising phase of the normal sing16 
uhoton resDonse was comuared with the 
rising phase of the prolonged response trig- 
gered by S334ter rhodopsin (Fig. 4D). The 
normal and prolonged responses began to 
rise identically, showing, that the 15 
COOH-terminal amino acids were not re- 
quired for rhodopsin to interact with trans- 
ducin, the G protein found in photorecep- 
tors (15). This is consistent with results 
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indicating that transducin activation maps 
to the second and third cytoplasmic loops of 
rhodopsin (1  6). The normal response began 
to diverge from the prolonged response by 
100 ms after the flash. demonstratine that 

'7 

even before the normal response had 
reached its maximum, rhodonsin's catalvtic 
activity was starting tb be quinclxed. ~ h u s ,  
rhodopsin shutoff begins during the rising 
phase of the flash response. 

Prolonged responses had variable dura- 
tions (Fig. 4E). The experimental distribu- 
tion was fitted by an  exponential with a 
time constant of 4.5 s. In another rod, the 
time constant was 4.3 s. The exponential fit 
suggests that the prolonged responses are 
terminated by a stochastic, memory-less, 
first-order transition tlxat quenches catalyt- 
ic, activity abruptly after a mean wait of 
several seconds. The nature of this reaction 
is not known. One possibility is inactiva- 
tion due to plxosplxorylation at a site at the 
third cytoplasmic loop (17). Another is that 
a thermal transition inactivates the catalyt- 
ically active form, metarhodopsin I1 (MII). 
This would require a faster transition than 
that previously described for formation of 
the inactive form MIII, which occurs in 1 to 
2 min at 37OC (18). The prolonged respons- 
es of late onset that occurred after bright 
flashes may represent spontaneous back re- 
actions in a reversible equilibrium (Fig. 
4A). 

After their rise, prolonged responses 
showed no diminution in amplitude before 
termination. This implies that a steady state 
of intense transducin activation and phos- 
phodiesterase activity was maintained 
throughout the catalytic lifetime of the 
whotoactivated S334ter molecule. Al- 
though the duration of the prolonged re- 
snonses varied widelv, final recoverv re- , , 
&ired less than 0.5 s in each case.  here- 
fore, transducin and phosphodiesterase in- 
activation must occur within this time, 
which is consistent with transducin's rate of 
guanosine triphosphate hydrolysis inferred 
from microcalorimetry (1 9). 

Prolonged single photon responses were 
not observed in transgenic mouse rods that 
later degenerated because of the exbression 
of a mutant rhodopsin lacking the last five 
amino acids from tlxe COOH-terminus 17). . , 

Thus, prolonged responses do not appear to 
represent a nonspecific effect of rhodopsin 
truncation or eventual retinal degeneration. 
Prolonged single photon responses occur in 
normal monkey rods, but the probability of 
a prolonged response was estimated to be 
about 0.1% that of a normal single photon 
response (20). Our finding tlxat S334ter 
rhodopsin produces prolonged responses 
suggests that tlxe COOH-terminus of 
-0.1% of the rhodopsin in a normal mam- 
malian rod is not available as a substrate for 
tlxe quenching process. A possible explana- 

tion is that, in a small fraction of rhodopsin 
molecules, the polypeptide is truncated sim- 
ilarly to S334ter by endogenous protease 
activity or that protein synthesis fails to 
reach the COOH-terminus of the polypep- 
tide chain. 

In conclusion, removal of 15 amino ac- 
ids from the COOH-terminus of rhodopsin 
nroduces a molecule that is transnorted to 
the rod outer segment and activates trans- 
ducin normally but fails to be shut off prop- 
erly. Plxosphorylation of rhodopsin at the 
COOH-terminus is presumably essential for 
rapid termination of the photoresponse in 
vivo. These results may be relevant to the 
function of other recentors that have seven 
transmembrane helical domains and are 
coupled to G proteins (21 ). Rlxodopsin mu- 
tations that affect the COOH-terminal 
plxosphorylation sites cause autosomal dom- 
inant retinitis pigmentosa (22). The 
S334ter mouse may be useful for studying 
this blinding human disease. 
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