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ABSTRACT The 9-methyl group of 11-s-retinal plays a
crucial role in photoexcitation of the visual pigment rhodopsin.
A hydrogen-substituted analogue, 11-cis-9-desmethylretlnal,
combines with opsin to form a pigment that produces abnormal
photoproducts and diinished activation of the GTP-binding
protein transducin in vitro. We have measured the formation of
this analogue pigment in bleached salamander rods and deter-
mined the size and shape of its quantal response. In addition,
we have characterized the influence of opsin and newly formed
analogue pigment on the quantal response to native porphy-
ropsin. We find that, as 11-cis-9-desmethylretinal combines
with opsin in bleached rods, the amplitude of the quantal
response from residual native pigment is elevated by 74.5-fold
to 0.15 ± 0.09 pA, a value close to the amplitude of the quantal
response before bleach (0.31 ± 0.10 pA). When activated by
light, the new analogue pigment produces a quantal response
that is ==30-fold smaller and decays ""5 times more slowly than
that ofnative pigment in unbleached cells. We conclude that the
9-methyl group of retinal is not critical for conversion of opsin
to its nondesensitizing state but that it is critical for the normal
processes of activation and deactivation of metarhodopsin that
give rise to the quantal response.

Photoisomerization of li-cis-retinal (Fig. 1, structure 1)
initiates an intramolecular rearrangement of rhodopsin that
results in a catalytically active state of rhodopsin, R * (1-5).
Deactivation of R* requires phosphorylation by rhodopsin
kinase (6, 7) and the subsequent binding of arrestin (3, 7-9).
In isolated photoreceptors, pigment activation and deactiva-
tion produce a discrete electrical response with a character-
istic amplitude and time course (10, 11). In an examination of
the steric interactions between the apoprotein opsin and its
chromophore, Ganter et al. (12) reported that 11-cis-9-
desmethylretinal (Fig. 1, structure 3) produced abnormal
photoproducts and transducin activation that was 8% of the
rhodopsin control. Here we examine the influence of the
9-methyl group of retinal on the amplitude and shape of the
quantal response in isolated rods.
To provide access to the ligand binding pocket ofopsin, the

native chromophore (13) 11-cis-3,4-dehydroretinal (Fig. 1,
structure 2) was removed by bleaching. Bleaching reduces
the sensitivity of a cell by depleting the supply of native
pigment and by reducing the amplitude of the quantal re-
sponse from the residual pigment (14-17). In the absence of
li-cis-retinal, this desensitization persists indefinitely (15,
18) and is unresponsive to the addition of all-trans-retinal (15,
19) or its removal from opsin by hydroxylamine (20, 21). We
refer to the persistent component of desensitization that
results from response attenuation and does not require the
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FIG. 1. Chromophores of the visual pigments considered in the
experiments that follow: 1 (rhodopsin), 11-cis-retinal; 2 (porphy-
ropsin), 11-cis-3,4-dehydroretinal; 3 (9-desmethyl rhodopsin), 11-cis-
9-desmethylretinal.

presence of a retinal-containing photoproduct as opsin de-
sensitization. Taken together with the loss of sensitivity
resulting from pigment depletion, the total loss of sensitivity
is commonly referred to as bleaching adaptation (14, 17).
Retinal analogues may restore sensitivity by increasing the
quantity of photoexcitable pigment, by neutralizing the ef-
fects of free opsin, or by a combination of these activities.

Photochemically inactive analogues of retinal-e.g., 11-
cis-locked retinal (15)-and fragments of retinal as small as
3-ionone (22) have been shown to neutralize the effects of
free opsin. In the course of these experiments, we have
examined the role of the 9-methyl group in restoring opsin to
its inactive dark-adapted state upon pigment formation. We
find from our analysis of pigment content and quantal re-
sponses that formation of 9-desmethyl rhodopsin effectively
neutralizes free opsin but that, when activated, the 9-des-
methyl pigment produces a quantal response that decays
more slowly and is -'30-fold smaller than that of native
pigment.
A preliminary report of these findings has appeared in

abstract form (23).

MATERIALS AND METHODS
11-cis-9-Desmethylretinal was prepared by condensation of
trans-5-(2',6' ,6'-trimethylcyclohex-l'-enyl)penta-2,4-dienal
with the anion derived from bis(trifluoroethyl)-2-methyl-3-
cyano-2-propenyl phosphonate followed by reduction of the
resulting 11-cis- and 11-trans-9-desmethylretinonitriles with
diisobutylaluminum hydride (24, 25). The 11-cis isomer of
9-desmethylretinal was separated from the trans isomer by
HPLC (QA-porasil; hexane/ethyl acetate solvents) and char-
acterized by absorption and NMR spectroscopy. The ana-
logue was delivered to isolated rods in phosphatidylcholine
vesicles in physiological saline as described (14, 15).

Unpolarized monochromatic light stimuli were provided
by an optical bench containing a tungsten/halogen lamp,
Oriel (Stamford, CT) interference filters (10-nm bandpass),
neutral density wedges, and fast electromagnetic shutters
(Uniblitz, Rochester, NY) and were calibrated with a PIN
photodiode radiometer (United Detector Technology, Santa
Monica, CA) as described (15).
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Light-evoked currents were recorded from the inner seg-
ment of rods of the tiger salamanderAmbystoma tigrinum by
means of a suction electrode connected to a current-to-
voltage converter (List Electronics, Darmstadt, F.R.G.,
L/M-EPC7 patch clamp amplifier) (14, 15). The responses
were filtered at 5 Hz with an eight-pole Bessel filter [Fre-
quency Devices (Haverhill, MA) model 902] and digitized
on-line by a 12-bit A/D converter [Scientific Solutions (So-
lon, OH) Labmaster Board].

Flash sensitivity, SF, is defined for conditions near thresh-
old as the ratio of the incremental response to the increment
in light intensity (26). This quantity was estimated either
directly from the response amplitude and intensity of dim
flashes or from the slope of the low-intensity asymptote of
stimulus-response functions (15, 27). The amplitude of the
single photon response can be estimated as originally de-
scribed by Baylor and coworkers (11). From Campbell's
theorem, the ratio of the light-induced increase in the vari-
ance, a2, to the mean amplitude, ,u, ofthe dim flash response
provides a raw estimate of the amplitude of the quantal
response (11). A refined estimate, A, of the net quantal
response of the cell in pA was obtained from Eq. 1. In this
equation, the raw estimate given by the first term (cr2/p) is
corrected upward by m16% in these experiments by the
second term, which compensates for the loss of variance
arising from response saturation (28, 29). The value of the
exponent (0.5) was obtained empirically from the analysis of
simulated responses having an average size (-25% of R,,,.,)
and steepness of saturation characteristic of the data in these
experiments. The estimate is also corrected upward by -22%
in these experiments by a third term, Rm/Ro, which adjusts
for the collection efficiency of the pipette (30, 31). In this
equation, R, is the amplitude ofthe response at saturation, Rm
is the maximum current (55 pA) ofa typical cell under voltage
clamp (30, 31), and Ro is the amplitude of the response at
saturation for the unbleached cell at the start of an experi-
ment. Note that after bleach, R, is considerably smaller than
Ro

liters mohl cm' for9-desmethyl rhodopsin (A, = 465-470
nm) (33) and a dichroic ratio of3.78 for porphyropsin and 4.55
for the analogue pigment (see ref. 13). In these experiments,
we have simplified our calculations by ignoring the minor
fraction of rhodopsin (il-cis-retinal; An= = 498 nm), which
occurs in salamander rods (13). An optimal estimate of
transverse optical density was obtained by cross-correlation
of a visual pigment template with the raw optical density
values.
The number of photoactivated molecules, R*, expected

from a dim test flash was estimated from Eq. 2 (see ref. 34)
given that

R* = Ro{l - exp[-ca(A)y6it]}. [2]

RO is the initial number of molecules; a(A) is the molecular
extinction in yn2; y is the quantum efficiency of excitation;
A is the wavelength in nm; 8 is the fractional efficiency of
unpolarized light; i is the light intensity in photons
/Am-2.sec-1; and t is the exposure time in sec. Note that the
quantum efficiency y was assumed to be 0.65 for both
pigments and the fractional efficiency 8 was 0.63 for porphy-
ropsin and was assumed to be 0.61 for analogue pigment (13).
Cells were bleached for 8 sec with a 520-nm bleaching beam
at an intensity of 1.36 ± 0.13 x 108 photons.um-2nsec-1.

RESULTS
To examine the activity of 11-cis-9-desmethylretinal, the
native visual pigment of an isolated salamander rod was
bleached away, and the 9-desmethyl analogue was applied
from lipid vesicles. As shown in Fig. 2, bleaching accelerated
the response kinetics and reduced the maximum response
amplitude. Of five bleached cells, all exhibited accelerated
response kinetics and a reduction of the maximum response
amplitude to 46%6 ± 14% (mean ± SD) ofthe prebleach value
of 45 ± 7 pA. Sensitivity was reduced by 2.5 ± 0.1 log units.

A = (r2/iA)[Rs/(Rs -A)r"(RmIRO) [ll

In these experiments, ,u was estimated from the peak ofthe
ensemble average of the dim flash response. The variance,
2, was estimated by a least-squares fit of the square of the
average response waveform to the ensemble increase in
variance. Before calculating the ensemble waveform of the
variance, the preflash baseline of each individual response
was established by fitting the average response to each
individual response after removal ofany linear trend (drift) to
minimize distortion. As any drift in the average response size
can inflate the estimate of variance, the variance of the
records was computed for blocks of 10 records and then
pooled (32).
For measurements of the optical density of rods, a beam

containing unpolarized monochromatic light (5-nm band-
width) was generated with an Oriel 1/8-m double monochro-
mator and used to focus images of sample and reference slits
(3 x 20 ,um) in the plane of the cell for spectroscopic
measurements. The transverse optical density of a cell was
determined by comparing photon counts from the sample
beam with the reference beam by means ofan imagng photon
detector made by Instrument Technology Limited (East
Sussex, U.K.; model IPD). The sample beam did not bleach
appreciable amounts of pigment, as no loss of sensitivity
could be detected after the spectral measurements.
The number of pigment molecules in a rod was estimated

from the cell dimensions and the transverse optical density as
described by HArosi (13) and assuming a molar extinction
coefficient of 29,400 liters-mol-lcm-1 for the native porphy-
ropsin (11-cis-3,4-dehydroretinal; Ama. = 523 nm) and 41,000
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FIG. 2. Changes in response waveforms induced by bleaching
and by application of 11-cis-9-desmethylretinal. Series of test flashes
(20 msec) ascending in brightness in 0.5-log-unit steps were applied
to a rod until the response reached saturation for three wavelengths
(rows as indicated) and three experimental conditions: dark adapted
(column 1), bleached (column 2), and resensitized with 9-desmeth-
ylretinal (column 3). Bleaching results in a reduction of maximum
response amplitude and an acceleration of the response kinetics.
Addition of 9-desmethylretinal results in a partial reversal of both
these effects. In addition, the response becomes abnormally pro-
longed in a wavelength-dependent manner as shown in column 3. For
the responses to 20-msec flashes illustrated above, the maximum
flash intensity in units ofphotons/pam2 was as follows: a, 6.34 x 103;
b, 2.01 x 106; c, 2.01 x 105; d, 2.71 x 102; e, 8.57 x 104;f, 8.57 x
103; g, 2.76 x 102; h, 8.72 x 104; i, 2.76 x 103.
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Of this loss, 1.3 log units can be attributed to a 95% + 3%
depletion of pigment as measured spectroscopically. The
remaining loss of =1 log unit results from a reduction in the
quantal response amplitude as confirmed by variance mea-
surements. In accord with previous observations (11), there
was no evidence of wavelength dependence among response
shapes before or after bleaching of native pigment.

Application of 11-cis-9-desmethylretinal to bleached rods
elevated sensitivity to 520-nm test flashes by 1.1 ± 0.4 log
units, partially reversed the acceleration ofresponse kinetics
induced by bleaching, and restored the maximum response
amplitude to 67% ± 6% of the original amplitude. After
application of the analogue, the shape of the response wave-
form became dependent on the wavelength of stimulation as
shown in Fig. 2 c, f, and i. As we consider in detail below,
this wavelength dependence ofthe response shape appears to
result from the mixed activities of residual native pigment,
which produces normal responses with maximal sensitivity
near 520 nm, and new analogue pigment, which produces
small but prolonged responses with maximal sensitivity near
470 nm and negligible activity at 640 nm relative to that of the
residual native pigment. It is possible to separate the increase
in sensitivity due to relief of opsin desensitization from the
increase in sensitivity resulting from analogue pigment for-
mation by selective stimulation ofanalogue or residual native
pigments at different wavelengths and determination of the
quantal response amplitude from the mean and variance of
the responses to dim flashes as shown in Figs. 3 and 4.
The quantal response of native pigment molecules can be

determined under the conditions shown in Fig. 3 for porphy-
ropsin molecules in the presence of (i) other native pigment
molecules before bleach, (ii) opsin after bleach, or (iii)
9-desmethyl rhodopsin after application of 11-cis-9-des-
methylretinal. As shown by the average response shape in
Fig. 3a, the response of an unbleached and dark-adapted cell
increases to a peak and then decays. A semilogarithmic plot
of the response shown in Fig. 3b reveals the decay to be
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FIG. 3. Analysis of the kinetics and variance of dim flash re-
sponses ofnative pigment under conditions ofdark adaptation before
bleach (top row), after bleach (middle row), and after resensitization
with 11-cis-9-desmethylretinal (bottom row). Column 1 (a,'d, and g)
contains the waveforms of the average dim flash responses and
shows the acceleration ofresponse kinetics induced by bleaching and
the partial recovery observed after application of 9-desmethylretinal
for averages of50 responses. In column 2 (b, e, and h), the logarithms
ofthe normalized responses are plotted together with regression lines
fitted to the falling phase of the responses but offset for clarity
(dashed line). Column 3 (cjf and i) shows the light-induced increase
in the variance of the responses. The expected waveform and
estimated amplitude ofthe light-induced increase in variance is given
by the scaled square of the response waveform (dashed curve) as
described.
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FIG. 4. Analysis ofthe wavelength-dependentcomponents ofthe
dim flash response obtained from averages of50 flashes. The average
dim flash response obtained with 640-nm flashes is shown in a. In the
average responses illustrated in d at 520 nm and in g at 440 nm, a
slowly decaying component of the response becomes progressively
more prominent on the average. A semiloganithmic plot of the
response in g (Inset in b) reveals a slow component of decay that is
linear and hence approximately exponential in character with a time
constant of 11.6 sec. From the semilogarithmic plots, which exhib-
ited prominent shallow and linear slopes in d and g, the average
responses at these wavelengths were decomposed into the sums of
fast (640 type; a) and slow responses as indicated in e and h,
respectively. The slow components were then normalized and plot-
ted in b, where they appear to scale linearly. The light-induced
increase in the variance of these records is plotted in column 3.
Smooth solid line indicates estimated variance obtained by fitting the
square of the average response to the waveform of the light-induced
increase in variance. Dashed line in i represents the expected sum of
the squared waveforms of the fast and slow components in h under
a hypothesis described in the text.

approximately exponential with a time constant of 2.0 sec for
this cell and of2.2 + 0.4 sec overall (n = 5). The light-induced
increase in variance for the dark-adapted cell is shown in Fig.
3c. From Eq. 1, we estimate the quantal response amplitude
of this cell to be 0.23 pA and 0.31 ± 0.10 pA of all five cells
under conditions of dark adaptation before bleach.

Bleaching reduces the time to peak of the response at 520
nm and accelerates the falling phase as shown in Fig. 3 d and
e. As shown in Fig. 3e, the response decays with an apparent
first-order time constant of 0.74 sec for this cell and of 0.61
± 0.12 sec for all five cells after bleach. In addition, the
variance decreases and yields an estimate of the quantal
response amplitude of 0.02 pA for the cell illustrated in Fig.
3fand of 0.02 ± 0.01 pA for all five cells, an =10-fold drop
in quantal response amplitude.

After addition of 11-cis-9-desmethylretinal, the response to
residual native pigment molecules can be isolated with
640-nm test flashes. For these responses, the time constant of
decay lengthened to 2.2 sec for the cell illustrated in Fig. 3e
and to 1.65 ± 0.60 sec (n = 5) overall. From the variance of
the response to 640-nm flashes, we estimate that the quantal
response amplitude for residual porphyropsin grew to 0.19
pA for the cell illustrated in Fig. 3i and to 0.15 ± 0.10 pA (n
= 5) overall, an average 7.5-fold increase in quantal response
amplitude, which reverses most of the -10-fold loss of
quantal response amplitude that occurred on bleaching.

After addition of analogue, the dim flash response wave-
form became wavelength dependent as shown in Fig. 4 a, d,
and g. The average responses in Fig. 4 d and g show evi-
dence of an additional slowly decaying component in the
response at shorter wavelengths. A plot of the logarithm of
the response illustrated in Fig. 4g is shown in Fig. 4b (Inset),

6960 Neurobiology: Corson et al.
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which reveals a prominent linear slope in the latter part ofthe
log response. The slope ofthe linear component was obtained
by a least-squares fit shown by the offset dashed line, which
corresponds to an exponential time constant of 11.6 sec. By
extrapolating the slope of the slow component back in time
to the onset of the flash, it was -possible to estimate the
amplitude of the fast component (640-nm type; Fig. 4a). The
scaled waveform of the fast component was subtracted from
the average to isolate the slow components as shown in Fig.
4 e and h. When normalized as shown in Fig. 4b, the slowly
decaying components illustrated in Fig. 4 e and h have the
same shape, as would be expected for the linear addition of
the two components. In these experiments, the time constant
for decay ofthe slow component was 11.5 ± 1.1 sec, -7 times
longer than the comparable decay constant for the response
at 640 nm and ='5 times longer than before bleach.
The light-induced increase in variance is shown in Fig. 4 c,

f, and i. Note that a clear increase in variance is associated
with the fast component of the response but that no increase
in variance associated with the slow component is evident
above the noise in Fig. 4for i. The dashed curve in Fig. 4i
illustrates the total light-induced increase in variance that
would be expected if the quantal response of the slow
component had the same amplitude as that of the fast
component, which is represented by the solid curve.

Fig. 5 provides a summary of the sensitivity changes
induced by bleaching and resensitization with 11-cis-9-
desmethylretinal and an estimate of the quantal response size
for the 9-desmethyl pigment, which could not be obtained
from the variance measurements. Before bleach, the absorp-
tance spectrum of the native 520-nm pigment in the cell was
measured, smoothed, and plotted on normalized coordinates
(solid circles, top right spectrum). The data were fitted with
a porphyropsin pigment template 1 (solid line; G. J. Jones,
personal communication), which peaks at 520 nm. Control
measurements of the spectral sensitivity of six unbleached
cells confirm the spectrum of the predominant pigment,
porphyropsin (open squares). After bleach, the flash sensi-
tivity of the cell fell 2.4 log units to the level of sensitivity
indicated by the open triangles and solid pigment template 2.
Two independent estimates were obtained to determine the
portion of this loss of sensitivity that could be expected from
pigment depletion. First pigment depletion was estimated
spectroscopically at 1.6 log units as described and the result
is plotted as a dashed line template 3. The relative number of
native R*s estimated from the mean and variance of the dim
flash response after bleaching was then compared to the
number of R*s expected from a flash of that intensity given
the prebleach pigment content, and the results are plotted as
solid squares. This independent measurement confirms the
spectroscopic estimate of =1.6 log units of sensitivity loss
attributable to pigment depletion.

After the spectroscopic and sensitivity measurements fol-
lowing bleach, 11-cis-9-desmethylretinal was added and the
formation of new analogue pigment was observed (solid
circles, top left spectrum). A rhodopsin visual pigment tem-
plate S with a peak at 470 nm shows that the new analogue
pigment is well characterized by this template. From the final
optical density of 0.124, we calculate that the analogue
consumed =95% of the available opsin in this cell.

After conversion of opsin to analogue pigment, the flash
sensitivity of the fast component of the response increased by
0.6 log unit to the level indicated by the open diamonds and
the solid line template 4. This level of sensitivity is very near
the level expected for the residual native pigment (template
3). The proximity of the final sensitivity level for the fast
component of the response to that predicted by pigment
depletion confirms the quantal response measurements,
which indicate that formation of analogue pigment substan-
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FIG. 5. Measurements of absorptance and spectral sensitivity.
The absorptance spectra (solid circles) of the native pigment spec-
trum before bleach and the new 9-desmethylretinal analogue pigment
are shown together with fitted pigment templates (1 and 5), which
peak at 520 and 470 nm, respectively. The absorptance spectrum of
the native pigment is normalized at 520 nm. The absorptance of the
9-desmethyl pigment is normalized to the peak of the absorptance of
the native pigment. The spectral sensitivity of the cell was measured
before bleach and normalized to the peak at 520 nm (open squares).
After bleach, the spectral sensitivity was again measured and found
to have fallen by 2.4 log units (open triangles and template 2). A
spectroscopic estimate of the level of sensitivity expected after
simple pigment depletion is plotted as the dashed native pigment
template 3. An independent estimate of the relative amount of
residual native pigment obtained from variance measurements after
bleach is shown as solid squares. After addition of 11-cis-9-
desmethylretinal, the flash sensitivity of the residual native pigment
was estimated from the mean amplitude and light intensity of the fast
component of dim flash. responses and plotted relative to the initial
sensitivity as the open diamonds and solid native pigment template
4, which lie close to the level predicted from pigment depletion alone
(template 3). Finally, the flash sensitivity of the slow component of
the dim flash responses is plotted relative to the initial sensitivity as
the open circles, which have been fitted with the 9-desmethyl
rhodopsin absorptance template 6.

tially removes the desensitization of the cell imposed by
opsin.
We next plotted the flash sensitivity of the slow component

of the responses (open circles) and fitted the analogue pig-
ment template 6 to the data. From this plot, one can see that
the sensitivity of the new analogue pigment is -1.7 log units
lower (1.5 ± 0.2; n = 5) than would be expected from a fully
functional pigment having the same density. This sensitivity
measurement indicates either that the quantum efficiency of
bleaching is much less than that of a normal pigment or that
the quantal response amplitude is =30-fold smaller.

DISCUSSION
After bleach, li-cis-retinal, supplied by the pigment epithe-
lium, enters the binding pocket of opsin and forms a Schiff
base attachment to a lysine in the seventh transmembrane
helix (5). In doing so, it induces a conformational change in
the protein, which switches off opsin desensitization and

Neurobiology: Corson et al.
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establishes the absorption maximum characteristic of
rhodopsin. Substitution of an li-cis-locked retinal produces
both the characteristic opsin shift and relief of opsin desen-
sitization without forming photoactivatable pigment (15).
Substitution of a hydrogen atom for the methyl group at the
9 position results in a smaller opsin shift than normal (33).
However, these experiments show that the 9-methyl group
does not appear to be critical for the interaction that relieves
opsin desensitization. As shown in Fig. 5, 9-desmethylretinal
permits an increase in sensitivity for residual native pigment,
which is close to the level predicted by pigment depletion
alone after opsin has been replaced by analogue pigment.

In addition to relieving opsin desensitization, 11-cis-9-
desmethylretinal forms a photoactive pigment. The optical
density of the new pigment indicates that virtually all of the
available opsin is consumed. However, as shown in Fig. 5,
the flash sensitivity of the slow component of the response is
1.7 log units below that predicted for a normal pigment. This
suggests that either the response to an individual analogue
pigment molecule is much smaller than normal or that the
quantum efficiency of excitation is much less than the value
ofO.65 characteristic ofother pigments (13). As shown in Fig.
4, the absence of a detectable increase in the variance
associated with the slow component ofthe response suggests
that it is response amplitude rather than quantum efficiency
that is diminished.

In addition to a diminished amplitude, the quantal response
for this analogue pigment appears to have a lifetime >7 times
longer than that of residual native pigment. Although the
quantal response amplitude is -30-fold smaller than normal,
the integral of this prolonged response yields a net response
that is 17% of the dark-adapted response, a value in rough
agreement with that of8% reported by Ganter and coworkers
in their biochemical preparation (12).
One possible explanation for the small and prolonged

response of the 9-desmethyl pigment is that the conforma-
tional changes normally in4pced in the protein on formation
of metarhodopsin are altered or incomplete with the result
that the metarhodopsin form of the pigment is not fully
recognized by either transducin or rhodopsin kinase, which
compete for the same binding site (35, 36). Under this
hypothesis, phosphorylation of the protein is expected to be
sluggish and/or incomplete. An initial study confirms a
reduced phosphorylation of the 9-desmethyl pigment (37).

We thank David Pepperberg for helpful discussions and Cheryle
Mothershed for excellent technical assistance. This work was sup-
ported by grants from the Medical University of South Carolina and
the National Institutes of Health (EY-07543, EY-04939, EY-06537,
EY-01157, and GM-34509) and an unrestricted grant from Research
to Prevent Blindness, Inc.

1. Bennett, N., Michel-Villaz, M., Swanson, R. J. & Applebury,
M. L. (1982) Eur. J. Biochem. 127, 97-103.

2. Kibelbek, J., Mitchell, D. C., Beach, J. M. & Litman, B. J.
(1991) Biochemistry 30, 6761-6768.

3. Uhl, R. & Ryba, N. J. P. (1990) Biochim. Biophys. Acta 1054,
56-68.

4. Stryer, L. (1991) J. Biol. Chem. 266, 10711-10714.
5. Khorana, H. G. (1992) J. Biol. Chem. 267, 1-4.
6. Kuhn, H. (1984) Prog. Retinal Res. 3, 123-156.
7. Palczewski, K., Rispoli, G. & Detwiler, P. B. (1992) Neuron 8,

117-126.
8. Wilden, U., Hall, S. W. & Kuhn, H. (1986) Proc. Natl. Acad.

Sci. USA 83, 1174-1178.
9. Dawis, S. M. (1991) Vis. Neurosci. 7, 285-320.

10. Baylor, D. A., Lamb, T. D. & Yau, K.-Y. (1979) J. Physiol.
(London) 288, 589-611.

11. Baylor, D. A., Lamb, T. D. & Yau, K.-Y. (1979) J. Physiol.
288, 613-634.

12. Ganter, U. M., Schmid, E. D., Perez-Sala, D., Rando, R. R. &
Siebert, F. (1989) Biochemistry 28, 5954-5962.

13. Harosi, F. I. (1975) J. Gen. Physiol. 66, 357-382.
14. Cornwall, M. C., Fein, A. & MacNichol, E. F. (1990) J. Gen.

Physiol. 96, 345-372.
15. Corson, D. W., Cornwall, M. C., MacNichol, E. F., Jin, J.,

Johnson R., Derguini, F., Crouch, R. & Nakanishi, K. (1990)
Proc. Nati. Acad. Sci. USA 87, 6823-6827.

16. Kahlert, M., Pepperberg, D. R. & Hofmann, K. P. (1990)
Nature (London) 345, 537-539.

17. Ripps, H. & Pepperberg, D. R. (1987) Neurosci. Res. Suppl. 6,
S87-S105.

18. Perlman, J. I., Nodes, B. R. & Pepperberg, D. R. (1982) J.
Gen. Physiol. 80, 885-913.

19. Pepperberg, D. R., Brown, P. K., Lurie, M. & Dowling, J. E.
(1978) J. Gen. Physiol. 71, 369-395.

20. Brin, K. P. & Ripps, H. (1977) J. Gen. Physiol. 69, 97-120.
21. Catt, M., Ernst, W. & Kemp, C. M. (1982) Biochem. Soc.

Trans. 10, 343-345.
22. Jin, J., Crouch, R. K., Corson, D. W., Katz, B. M., Mac-

Nichol, E. F. & Cornwall, M. C. (1993) Neuron 11, 513-522.
23. Corson, D. W., Derguini, F., Nakanishi, K., Crouch, R. K.,

MacNichol, E. F. & Cornwall, M. C. (1991) Biophys. J. 59,
408a (abstr.).

24. Van Den Tempel, P. J. & Huisman, H. 0. (1966) Tetrahedron
22, 233-299.

25. Trehan, A., Mirzadegan, T. & Liu, R. S. H. (1990) Tetrahedron
46, 3769-3780.

26. Shapley, R. & Enroth-Cugell, C. (1983) Prog. Retinal Res. 3,
263-346.

27. Backstrom, C. & Hemila, S. (1979) J. Physiol. (London) 287,
107-125.

28. Katz, B. & Miledi, R. (1972) J. Physiol. (London) 224, 665-699.
29. Lamb, T. D. & Simon, E. J. (1977) J. Physiol. (London) 272,

435-468.
30. Bader, C. R., MacLeish, P. R. & Schwartz, E. A. (1979) J.

Physiol. (London) 296, 1-26.
31. Baylor, D. A. & Nunn, B. J. (1986) J. Physiol. (London) 371,

115-145.
32. Sigworth, F. J. (1980) J. Physiol. (London) 307, 97-129.
33. Kropf, A., Whittenberger, B. P., Goff, S. P. & Waggoner,

A. S. (1973) Exp. Eye Res. 17, 591-606.
34. Knowles, A. & Dartnall, H. J. A. (1977) in The Eye, ed.

Davson, H. (Academic, New York), Vol. 2B, pp. 86-92.
35. Franke, R. R., Konig, B., Sakmar, T. P., Khorana, H. G. &

Hofmann, K. P. (1990) Science 250, 123-125.
36. Palczewski, K., Buczylko, J., Kaplan, M. W., Polans, A. S. &

Crabb, J. W. (1991) J. Biol. Chem. 266, 12949-12955.
37. Morrison, D. F., Ting, T. D., Ho, Y. K., Crouch, R. K.,

Corson, D. W. & Pepperberg, D. R. (1993) Biophys. J. 64, A211
(abstr.).

6%2 Neurobiology: Corson et A

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
20

, 2
02

1 


