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ABSTRACT: In rhodopsin, the 9-methyl group of retinal has previously been identified as being critical in
linking the ligand isomerization with the subsequent protein conformational changes that result in the
activation of its G protein, transducin. Here, we report studies on the role of this methyl group in the
salamander rod and cone pigments. Pigments were generated by combining proteins expressed in COS
cells with 11€is 9-demethyl retinal, where the 9-methyl group on the polyene chain has been deleted.
The absorption spectra of all pigments were blue-shifted. The red cone and blue cone/green rod pigments
were unstable to hydroxylamine; whereas, the rhodopsin and UV cone pigments were stable. The lack of
the 9-methyl group of the chromophore did not affect the ability of the red cone and blue cone/green rod
pigments to activate transducin. On the other hand, with the rhodopsin and UV cone pigments, activation
was diminished. Interestingly, the red cone pigment containing the retinal analogue remained active longer
than the native pigment. Thus, the 9-methyl group of retinal is not important in the activation pathway of
the red cone and blue cone/green rod pigments. However, for the red cone pigment, the 9-methyl group
of retinal appears to be critical in the deactivation pathway.

Visual pigment proteins are members of the superfamily

of G protein-coupled receptors (GPCRsRhodopsin, the NN
photosensitive pigment in retinal rod photoreceptor cells, is N
arguably the best-studied GPCR and is the only member with «
a crystal structurel]. Its ligand, 11eis retinal (A1l retinal, 0
Figure 1), is covalently bound to the protein through a 9-DM

protonated Schiff base linkage to a lysine in the seventh Ficure 1: Structures of the 1tis retinals used in this paper. Al
transmembrane helix. Light activates rhodopsin by inducing retinal is the native 1tisretinal chromophore; 9-DM retinal is an
isomerization of the 1&is retinal chromophore to the all- ~ @nalogue lacking the methyl group at the 9-carbon position along
trans form. This isomerization invokes a series of confor- e Polyene chain.

mational changes in the protein, eventually forming the . . . . . .
Metarhodopsin Il (Meta Il) state2], which activates the G tion. The interaction of the ligand with red rod opsin

protein transducin. The cone photoreceptor opsins are als{rhodopsin), which is the most easily obtained of the opsins,

seven helical transmembrane proteins with the same photo-12S been a widely studied subject (for recent reviews, see

activatable Al retinal ligand covalently bound. refs 3 and4). A number of studies have examined the role
The ligand of these opsins is critical to the control of both of the 9-methyl group of retinal by using the retinal analogue,

the absorption spectrum and activation state of these proteins®-demethyl (9-DM) retinal (Figure 1), in which the methyl

Al retinal in the 1leis form acts as an inverse agonist, 9'°UP at the 9 position on the polyene chain has been

holding these GPCRSs in an inactive state. Theratsform eliminated 6—10). In vitro studies have shown that a stable

acts as an agonist, placing the protein in an active conforma-Pigment can be formed between this analogue and red rod
opsin, although the absorption maximum of the pigment is

lue-shift from that of the native pigment containin
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Blindness Senior Scientific Investigator. 10, 11). Han et al. 8) have proposed a “steric trigger” role
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retinal. erated rhodopsin was due to an inability to efficiently form
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the active Meta Il species by stabilizing its precursor, Meta chloric acid (2uL, 12 N) after incubation fo 1 h with
l. hydroxylamine, trapping the remaining bound chromophore
We wanted to determine whether cone pigment activation as a protonated Schiff base free in solution and red-shifting
was similarly inhibited by the absence of the 9-methyl group the spectrum to about 440 nm. This absorbance was then
of retinal. We, therefore, generated A1 and 9-DM retinal compared with the absorbance of the same sample that was
pigments with all of the cloned salamander opsins and also acid-denatured but had never been incubated with
compared their spectral and activation properties. We found hydroxylamine to determine the amount of pigment remain-
that all of the pigments containing 9-DM retinal are able to ing after the incubation fol h with hydroxylamine to
activate transducin in a light-dependent manner, but the roughly estimate its resistance to hydroxylamine attack.
efficiency in activation and deactivation varies depending  Transducin Actiation AssayLight-dependent activation
on the opsin. In particular, the red cone pigment behavesof bovine rod transducin was assessed by following the
very differently from rhodopsin. These results suggest that, binding of P5S]GTP/S as described previouslg1). Trans-
in contrast to rhodopsin, there is no steric role of the 9-methyl ducin was purified from bovine retina (W. L. Lawson,
group of the chromophore in forming the active Meta Il Lincoln, NE) essentially according to Wessling-Resnick and

intermediate in cone pigments. JohnsonZ2) and Baehr and co-workerg3). Concentration
of the pigments was determined by comparing the absorbance
EXPERIMENTAL PROCEDURES at 440 nm of the acid-denatured spectrum of the pigments

with 440 nm absorbance of the acid-denatured spectrum of
a known amount of bovine rhodopsin. The reaction mixture
consisted of 5 nM pigment, 2,6M transducin, and M
GTPyS in 0.01% dodecyl maltoside, 10 mM Tris buffer, 100
mM NacCl, 5 mM MgC}, and 0.1 mM EDTA at pH 7.5.
The 10uL aliquots were spotted onto filter membranes on
a vacuum manifold and washed three times with 4 mL of
10 mM Tris buffer, 100 mM NacCl, and 5 mM Mggat pH
7.5. The amount of GT¥S bound was determined by
counting the radioactivity on the filters. Data were plotted
as the number of moles GJB bound per mole of pigment
as a function of time. All samples were bleached for 10 s
with 300-W white light from a slide projector. Assays were
conducted under dim red light conditions.

Retinals.11cis Al retinal was synthesized as previously
described 12), purified by crystallization, and stored as a
yellow crystalline solid under argon at80 °C until use.
The 11¢is 9-DM retinal was synthesized by the method of
Kropf et al. 6), purified by high-pressure liquid chroma-
tography, and stored as above. The structures of all of the
compounds were confirmed by NMR.

Pigment Expressionthe salamander cDNAs for red rod
rhodopsin 13), blue cone 14), red cone 14) and UV cone
(15) opsins were cloned as described previously. All four
pigment cDNAs were inserted into the pMT3 expression
vector (L6) as anEcaRl—Notl cassette. The cDNAs were
modified at the 83end with the addition of a sequence that
encodes the carboxyl terminal eight amino acids of bovine .
rhodopsin (ETSQVAPA), the 1D4 epitop&™d). Procedures Meta ll Decay.Meta . decay_of the Al and 9 -DM repnal
for transfection of COS cells, reconstitution of the pigments €d Coné pigments was determined by bleaching the pigments

with retinal, solubilization of the COS cell membranes with with long wavelength light X500 nm_) for 10 s in_the
1% dodecyl maltoside, and purification of the proteins by presence ofa20-fo|t_j excess of Al retinal gnd foIIowmg Fhe
immunoaffinity chromatography on the 1D4-Sepharose 4B time course of Al retinal pigment regeneration by monitoring

matrix have been described previousl(18, 19). The 1D4 at 560 nm. This procedure is a slight modification of the
antibody was purchased from the National Cell Culture Measurements made by Gross et 24)(where the rate of

Center (Minneapolis, MN). The only difference was the use bovine rhodopsin Meta Il decay was determined by following
of 10 mM MES buffer with 150 mM NaCl at pH 6.0 for the regeneration of rhodopsin upon addition of Al retinal
solubilization and elution. ' immediately after photobleaching. The rate-limiting step for

Pigment Absorbance SpectralV—visible absorption rhodopsin regeneration under these conditions is the decay

spectra were recorded using a Hitachi model U-3210 amc Meta Il and hydrolysis of the alrans chromophor_e_. In
Hewlett—Packard HP-8452A diode array, or a Varian Ca'ry our measurements, we assumed that the rate-limiting step
' for red cone pigment regeneration was the same.

300 spectrophotometer. All spectra were recorded on samples

with a 1.0-cm path length in thermostated cell holders with RESULTS

the temperature maintained af@ unless stated otherwise.

All spectra were recorded with the pigments in 0.1% dodecy! Spectral Properties of the Pigmenthe salamander red

maltoside and 10 mM MES buffer with 150 mM NaCl at  rod (rhodopsin), red cone, blue cone/green rod, and UV cone

pH 6.0. opsins were expressed in COS-1 cells. The opsin in the
Pigment Sensitity to HydroxylaminePigment sensitivity salamander blue cone and green rod has previously been

to hydroxylamine was measured as described by Ma et al.shown to be the sam&(@). Pigments from all four opsins

(20). Freshly prepared hydroxylamine was added to the were generated with both A1 and 9-DM retinals. The

pigment solutions such that the final concentration of absorption spectra and maxima for the Al retinal pigments

hydroxylamine was 50 mM at pH 7.0 in 1QQ.. Samples are shown in Figure 2A. We have reported the absorption

were kept in the dark, and the temperature was maintainedspectra of recombinant salamander UV cob8) @nd blue

at 4°C. Spectra were recorded at several time intervals after cone/green rod20) pigments containing Al retinal. These

the addition of hydroxylamine to follow the loss of pigment results are in agreement with the spectral-sensitivity mea-

and formation of the oxime for all of the pigments except surements of salamander red rod, red cone, and blue cone

for the UV cone pigment. For the UV cone pigment, the photoreceptor cells by Makino and co-worke25), The

protein was acid-denatured by adding concentrated hydro-spectra and absorption maxima for the 9-DM retinal pigments
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T T T hydroxylamine by denaturing the samples with concentrated
35gnm 432 nm 499 nm 558 nm A HCI. About 80-90% of the pigment remained after incuba-
tion for 1 h with hydroxylamine at 4°C for UV cone
pigments containing either chromophore (data not shown).
The stability of the UV pigment was intriguing and could
. be due to the chromophore being buried in a protected
environment such as in rhodopsin. This stability could also
be due to the chromophore being bound as an unprotonated
Schiff base because recent studies have suggested that retinal
%00 200 500 500 700 is bound as an unprotonated Schiff base in UV cone pigments

T (15, 26—29).

Transducin Actiation. All of the salamander pigments
demonstrated the ability to activate transducin in a light-
dependent manner. Light-dependent transducin activation was
fit with a single exponential. The exponential rise is due to
the exponential decay of Meta Il from the pigment during
the assay, and thus the rate constant from the fit should equal
the rate of Meta Il decay. We assumed a pseudo-first-order
reaction where the transducin activation rate at any given

a3nm
34ynm  412nm 508nm

Normalized Absorbance

%00 00 500 600 700 time was dependent on a rate constant for transducin

activation and the concentration of the active pigment, which

Wavelength, nm is decaying with time. Integrating this results in an expo-

FIGURE 2: Absorption spectra of recombinant salamander rod and nential rise function with an amplitude equal to the ratio of
cone pigmentsPigments were generated with (A) tisAl retinal the rates of transducin activation and Meta Il decay. This

or (B) 11cis 9-DM retinal. The absorption maximum of each ; : [
pigment is printed above its respective spectrum, and the Ioigmemfunctlon also describes the data in Figure 3. Thus, from curve

type is also noted. The pigment denoted as the blue cone pigmentflts of Figure 3, the |r_1|t|a_l rate of trans_ducm activation can
has also been shown to be the same pigment as the green rode deduced by multiplying the amplitude by the Meta Il
pigment in the tiger salamande2(). All pigments were acid- decay rate constant, both of which are determined from a
denatured to verify the formation of the covalent Schiff base linkage single exponential fit. The results are summarized in Table
of the chromophore and opsin (not shown). 2. The Meta Il decay rate for the Al salamander rhodopsin
seems a little fast at 0.28 mih but it is comparable to the
decay rate of 0.27 miit for wild-type bovine rhodopsin
found by Gross et al.24), who noted that Meta Il decay

Table 1: Absorption Maxima of Recombinant Salamander Visual
Pigments Regenerated with Various Retinals

_ retinal seems to be sensitive to the experimental conditions. Also
pigment Al(hm) ~ 9-DM(nm)  AZ(nm) shown in Table 2 are the Meta Il decay rates determined for
red rod 499 468 520 the red cone pigments by monitoring the rates of pigment
L?Secggr?e/green rod 353% 4:?29 423 regeneration (see below).
UV cone 356 347 360 Activation by 9-DM retinal rhodopsin is lower than

activation by Al retinal rhodopsin (Figure 3A and Table 2).
The smaller activity is similar to but not as dramatically
reduced as the decreased activity seen with bovine rhodopsin
are shown in Figure 2B. They are all blue-shifted from those regenerated with 9-DM retinab(8, 10). In contrast to these
of the Al retinal pigments. Covalent linkage of the retinal results, transducin activation by the red cone pigment
analogue to the protein was confirmed by acid denaturation containing 9-DM retinal is not inhibited (Figure 3B and Table
for each opsin (data not shown). The absorption maxima for 2). Interestingly, the overall plot shows that much more
all of these pigments, as well as our data for the pure A2 transducin is activated by the 9-DM retinal pigment. This
(11-cis 3,4-dehydro retinal) pigments, are summarized for result is consistent with the fast formation of Meta Il followed
comparison in Table 1. by an unexpected prolonged Meta Il lifetime with the 9-DM
We have previously shown that the Al retinal containing retinal red cone pigment (see below and the Discussion).
salamander rhodopsin pigment is stable in hydroxylamine; Transducin activation by the blue cone/green rod pigment
whereas, the blue cone/green rod pigment is rif).( containing 9-DM retinal is neither inhibited nor prolonged
Likewise, we find that the 9-DM retinal containing rhodopsin (Figure 3C). We have previously shown that the UV cone
was quite stable in hydroxylamine, and the 9-DM retinal pigment with Al retinal is able to activate transducin, albeit
containing blue cone/green rod pigment was unstable with at lower levels than rhodopsin, in a light-dependent manner
an exponential time constant for pigment loss of 10 min at (15). The 9-DM retinal UV cone pigment is also able to
4 °C (data not shown). Both red cone pigments are also activate transducin and display the lowest levels of transducin
sensitive to hydroxylamine attack because the pigment wasactivation among the pigments measured (Figure 3D).
lost with exponential time constants of 18 and 10 min for  Prolonged Meta Il in the 9-DM Retinal Red Cone Pigment.
the Al and 9-DM retinal containing pigments, respectively Unlike with rhodopsin where the bleached 9-DM retinal
(data not shown). Because of the spectral overlap betweenpigment results in an inefficient formation of the Meta |l
the UV cone pigments and oximes, we determined the intermediate, 10), the red cone pigment containing 9-DM
amount of pigment remaining after incubatiom fioh with retinal readily forms a spectral Meta Il (Figure 4A). At

aFrom ref20. ® nd = not determined¢ From ref15.
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Ficure 3: Transducin activation by salamander rod and cone
pigments. A radioactive filter binding assay was used to follow
the ability of salamander (A) rhodopsin, (B) red cone, (C) blue
cone/green rod, and (D) UV cone pigments to activate bovine rod
transducin in a light-dependent mann@®) epresents transducin
activation by pigments containing Al retinalO) represents
transducin activation by pigments containing 9-DM retinal. The
activity was normalized to the amount of pigment.

Table 2: Initial Transducin Activation and Meta |l Decay Rates

transducin activation Meta Il decay Meta Il decay

rate (mim?) rate (mirr?) rate (mirrt)2
Al 9-DM Al 9-DM Al 9-DM
rhodopsin 70 44 0.28 0.34
red cone 43 44 3.3 0.59 5.0 0.40
blue cone 200 206 25 3.3
UV cone 58 10 2.5 2.5
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Ficure 4: Meta Il decay of the salamander red cone pigment
containing either the Al retinal or 9-DM retinal. (A) Absorption
spectra for the dark and photobleached 9-DM retinal red cone
pigment. The 9-DM red cone pigment readily forms Meta Il. (B)
Absorption spectra of the purified 9-DM retinal red cone pigment,
the same pigment after the addition of an excess of Al retinal, and
the Al regenerated pigment after photobleaching the 9-DM retinal
red cone pigment in the presence of Al retinal. (C) Time course
of Al pigment regeneration following a 10-s pulse of light500

nm) to 9-DM or Al retinal red cone pigments in the presence of
an excess of Al retinal is shown as function of time after
illumination as illustrated in B.

photobleaching reflected the rate of Meta Il decay. Although
we did not directly measure the rate that retinal binds to the
opsin, Al retinal binds to the photobleached product of both
red cone pigments; the same pigment is being regenerated
but with different rates. Thus, retinal binding is clearly not
rate-limiting for the bleached 9-DM retinal red cone pigment.
The pigments were bleached in the presence of Al retinal
because Meta Il decay is so fast in cone pigme8@ §1)

and illuminated with long wavelength light=600 nm) to

2 Decay rates were determined by measuring the rate of pigment photobleach the pigment and keep the free retinal untouched

regeneration (see Figure 4).

20 °C, the rate constant for the decay of Meta Il of the Al
retinal red cone pigment is 5 mij whereas, the rate
constant for the decay of Meta Il of the 9-DM retinal red
cone pigment is 0.4 mirt (parts B and C of Figure 4). These
values are in agreement with the Meta Il decay rates

estimated from the transducin activation assays (Table 2).

and able to regenerate an Al red cone pigment. Because there
is an excess of free chromophore, bleaches could be repeated
several times in succession with the same sample. As
illustrated in Figure 4B, we start with 9-DM retinal red cone
pigment and add a 20-fold excess of Al retinal. At this point,

it is evident that some A1l retinal pigment is formed in the
dark because the absorbance above 550 nm increases (Figure
4C). The Al pigment formed is likely due to some chro-

As mentioned in the Experimental Procedures, we made themophore exchange taking place in the da3R, (33). The
assumption that the rate of pigment regeneration after sample is then illuminated with long wavelength light. When
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the allirans 9-DM retinal is released, the free Al retinal our findings because in an inactivated red cone cell the
binds to the opsin to form the Al retinal red cone pigment. pigment protein can remain in a Meta Il conformation. For
Regeneration of the Al retinal pigment following the first example, in rhodopsin, the kinase and transducin both
photobleach can be monitored at 560 nm as a function of recognize the Meta Il intermediat85, 36), and it is highly
time (Figure 4C) and reflects the time course for the likely the same is true in red cones. Phosphorylation of the
hydrolysis of alltrans 9-DM retinal as Meta Il decays. pigment is followed by arrestin binding, which prevents the
Pigment regeneration after subsequent photobleaches reflectpigment from activating more transducin. This is the simplest
Meta Il decay of the Al retinal pigment and is much faster explanation why the single red cone cell containing 9-DM
than the first regeneration. The kinetics for Meta Il decay retinal pigments inactivates quickly like the Al retinal
could essentially be fit with a single exponential. A double containing red cone despite our results that show the 9-DM
exponential fit of the full time course of red cone pigment retinal red cone pigment remains in an active conformation
regeneration from bleaching the 9-DM retinal red cone longer.

pigment resulted in a better fit because of the contribution  Unlike the red cone pigment, the UV and blue cone/green
from the small amount of Al retinal pigment that had rod pigments bound with 9-DM retinal do not appear to
regenerated in the dark. This was not observed when thedisplay a longer-lived Meta Il intermediate. We infer a lack
red cone pigment was photobleached in the presence of arof prolonged Meta Il because transducin activation by these

excess of the identical chromophore. 9-DM retinal pigments leveled off very quickly consistent
with the fast decay of Meta Il and therefore no more
DISCUSSION transducin was being activated. This is reflected in the

- , calculated values for the decay rates of Meta Il in Table 2.
We have successfully P““f'e‘?' all four of .the tiger Furthermore, like the red cone pigment, the 9-DM retinal
salamander rod and cone visual pigments containing Fhe 11p0e cone/green rod and UV pigments did not form a stable
cis forms of Al and 9-DM retinal. The 9-DM retinal o4 | photoproduct as judged by absorption spectroscopy.

chromophore does not greatly alter the stability of any of \ye saw an immediate shift in the absorbance to about 380
the pigments in the dark. The role of the 9-methyl group of ., 50 jllumination (not shown). The lower ability of the

retinal has its most profound effect after photoisomerization. 9-DM retinal UV cone pigment to activate transducin could

All of the pigments containing either chromophore are able o e 19 its blue-shifted spectrum and hence not being fully
to activate transducin in a light-dependent manner (Figure ;o5 ched by our white light source.

3). The amount of transducin activated is a function of how Consistent with previous results with bovine rhodopsin (
fast Meta Il forms, how long it remains, and how efficiently 8

. . ducin. Th b £ th 10), salamander rhodopsin containing 9-DM retinal
It activates transducin. The presence or absence of they.iyated transducin less efficiently than Al rhodopsin

9—rg;athéll groupf ohn the_chromophore e_ffect? trr:edformatiorzj because less Meta Il is present because of an equilibrium
andfor decay of the active Meta Il species of rhodopsin and g tay0ring the Meta | intermediat®,(10). The transducin

the red cone pigment. activation rate of the 9-DM salamander rhodopsin relative
The most intriguing results in this paper are those that to A1 rhodopsin is higher at 63% than previously published
involve the red cone pigment. The absence of the 9-methyl reports with bovine rhodopsing( 8, 10). We did not
group of retinal does not inhibit the formation of Meta Il exhaustively follow up on this point because overall our data
with the red cone pigment, as judged by the initial rate of are not in disagreement with others and upon closer
transducin activation (Figure 3), unlike with rhodopsin. We examination of the literature, the relative activities vary
see no evidence for an equilibrium shift favoring the Meta greatly. Transducin activation by 9-DM bovine rhodopsin
I intermediate with the red cone pigment containing 9-DM relative to activation by Al rhodopsin has ranged from 8
retinal (Figure 4A) What did Change was the lifetime of (6) to 43% 6) upon b|eaching with orange ||ght We assayed
the active intermediate of the red cone pigment. 9-DM retinal salamander rhodopsin, not bovine rhodopsin, and bleached
in the red cone pigment dramatically prolongs the active Meta the pigment with white light in order to light activate all of
Il species. Because Meta Il remains for several minutes, the pigments with the same light source. Interestingly, Ganter
transducin continues to be activated (Figure 3). In a separateet al. @) reported that the relative activity of 9-DM rhodopsin
experiment, we confirmed the presence of the longer-lived jncreased more than 3-fold (27%) when pigments were
active pigment by determining how fast the &tins chro- bleached with white light instead of orange light. Even within
mophore is released from the protein by following the Han et al. 8), the relative activity varied from-18 to 100%
regeneration of the 1tis pigment after photobleaching depending on environmental factors such as the detergent
(Figure 4). These results suggest that the 9-methyl groupconcentration and assay temperature. Thus, we are not
may play a steric role in the efficient hydrolysis of the Schiff concerned with our higher relative activity from 9-DM
base in the red cone pigment. salamander rhodopsin because the activity seems highly
Our in vitro data on the red cone pigments are consistent sensitive to the experimental conditions.
with data from single red cone cells regenerated with both  Why does the 9-methyl group of retinal affect rhodopsin
Al and 9-DM retinal 84). Single-cell current recordings by  activation but not cone pigment activation? The inefficient
Corson and Crouch3@) reported that the current changes activation of rhodopsin regenerated with 9-DM retinal might
after a flash of light were indistinguishable between red cone be related to the requirements of the rod for low dark noise.
cells regenerated with A1 and 9-DM retinal. These results The chromophore is held in place in its resting state by the
suggested that activation and inactivation of the red cone transmembrane helices and buried by the extradissaiand-
cells containing pigments regenerated with either chro- ed cap, and activation would require a steric push from many
mophore were the same. This conclusion does not contradictparts of the ligand upon isomerization on residues surround-
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ing the ring and methyl groups. On the other hand, for the
red cone pigment, which operates under photopic conditions,
maintaining low dark noise is not as critical, but rather the
fast activation and deactivation is of importance. The dark
noise in the salamander red cone pigment is higher than in
rods @7); 11l-<is retinal is not bound as tightly as it is in
rhodopsin 82, 33); and the pigment containing Al retinal,
which has the 9-methyl group, deactivated much faster than
the pigment containing 9-DM retinal. Perhaps, the overall
conformation of the cone pigments are poised to activate
transducin, and therefore cone pigments do not require the
steric contributions of the 9-methyl group of retinal to form
an active Meta Il conformation. In rhodopsin, Fritze et al.

(38) showed that the Meta I/Meta Il equilibrium of 9-DM

bovine rhodopsin could favor Meta Il with key mutations
on the cytoplasmic side of the protein at the end of helix 3

or within a highly conserved motif in helix 7. Kim et al.

(39) have shown that the helix 3 mutations themselves result
in the cytoplasmic loops having a Meta Il-like conformation
despite the dark-mutant holoprotein still being inactive. While
retinal isomerization is not uncoupled to activation, the steric
contribution from the 9-methyl group of retinal might be for

these rhodopsin mutants and the cone pigments.

Despite the high homology among all visual pigment
opsins, the interactions between the respective opsin and its
ligand leading to the activated state appear to be quite
different for the various opsins. The 9-methyl group of retinal
is not part of a steric trigger for activation for all pigments

5

6

7

Biochemistry, Vol. 43, No. 18, 20046537

. Kropf, A., Whittenberger, B. P., Goff, S. P., and Waggoner, A.
S. (1973) The spectral properties of some visual pigment analogs,
Exp. Eye Res. 1591-606.

. Ganter, U. M., Schmid, E. D., Perez-Sala, D., Rando, R. R., and
Siebert, F. (1989) Removal of the 9-methyl group of retinal inhibits
signal transduction in the visual process. A Fourier transform
infrared and biochemical investigatioBiochemistry 285954~
5962.

. Corson, D. W., Cornwall, M. C., MacNichol, E. F., Tsang, S.,
Derguini, F., Crouch, R. K., and Nakanishi, K. (1994) Relief of
opsin desensitization and prolonged excitation of rod photore-
ceptors by 9-desmethylretind®roc. Natl. Acad. Sci. U.S.A. 91
6958-6962.

8. Han, M., Groesbeek, M., Smith, S. O., and Sakmar, T. P. (1998)

9

10.

11.

Role of the G methyl group in rhodopsin activation: characteriza-
tion of mutant opsins with the artificial chromophore @i$-9-
demethylretinal Biochemistry 37538-545.
.Vogel, R., Fan, G.-B., Sheves, M., and Siebert, F. (2000) The
molecular origin of the inhibition of transducin activation in
rhodopsin lacking the 9-methyl group of the retinal chro-
mophore: a UV-Vis and FTIR spectroscopic studgiochemistry
39, 8895-8908.
Meyer, C. K., Bame, M., Ockenfels, A., G&ner, W., Hofmann,
K. P., and Ernst, O. P. (2000) Signaling states of rhodopsin. Retinal
provides a scaffold for activating proton transfer switcldegiol.
Chem. 27519713-19718.
Palczewski, K., &ger, S., Buczylko, J., Crouch, R. K., Bredberg,
D. L., Hofmann, K. P., Asson-Batres, M. A., and Saari, J. C.
(1994) Rod outer segment retinol dehydrogenase: substrate
specificity and role in phototransductidBiochemistry 3313741
13750.

12. Ahmad, R., and Weedon, B. C. L. (1953) Carotenoids and related

compounds. Part Ill. The synthesis of bisnorcrocetin, a pentaene
degradation product of azafrin, and other polyede§hem. Soc.
1953 3299-3315.

because it appears to be with rhodopsin. Its role in the UV 13.Chen, N., Ma, J. X, Corson, D. W., Hazard, E. S., and Crouch,

cone pigment is not clear although it does not appear to affect
the Meta I/Meta Il equilibrium. This methyl group seems to
have no role in either activation or deactivation of the blue
cone/green rod pigment. In the red cone pigment, the

14.

R. K. (1996) Molecular cloning of a rhodopsin gene from

salamander rod$nvest. Ophthalmol. Visual Sci. 37907-1913.

Xu, L., Hazard, E. S., lll, Lockman, D. K., Crouch, R. K., and

Ma, J.-x. (1998) Molecular cloning of the salamander red and
blue cone visual pigment$/ol. Vision 4 10.

9-methyl group has no effect on activation, but the presence 1°-Ma, J.-X., Kono, M., Xu, L., Das, J., Ryan, J. C., Hazard, E. S.,

of the methyl group accelerates deactivation of the pigment,
suggesting that the 9-methyl group might have a steric effect
on efficient hydrolysis of the Schiff base linkage of the

chromophore.

ACKNOWLEDGMENT

We thank Patrice Goletz for technical support and Yiannis

16.

17.

I, Oprian, D. D., and Crouch, R. K. (2001) Salamander UV cone
pigment: sequence, expression, and spectral propeitfiss,
Neurosci. 18 393-399.

Franke, R. R., Sakmar, T. P., Oprian, D. D., and Khorana, H. G.
(1988) A single amino acid substitution in rhodopsin (lysine 248
— leucine) prevents activation of transducinBiol. Chem. 263
2119-2122.

Molday, R. S., and MacKenzie, D. (1983) Monoclonal antibodies
to rhodopsin: characterization, cross-reactivity, and application
as structural probe&iochemistry 22653-660.

Koutalos and Saurav Misra for helpful discussions. The 18.Oprian, D. D. (1993) Expression of opsin genes in COS cells,

nuclear magnetic resonance spectra were obtained in the
Medical University of South Carolina NMR Institutional

Research Resource Facility.

REFERENCES

1. Palczewski, K., Kumasaka, T., Hori, T., Behnke, C. A., Mo-
toshima, H., Fox, B. A, Le Trong, |., Teller, D. C., Okada, T.,
Stenkamp, R. E., Yamamoto, M., and Miyano, M. (2000) Crystal

structure of rhodopsin: a G protein-coupled rece@oience 289
739-745.

2. Matthews, R. G., Hubbard, R., Brown, P. K., and Wald, G. (1963)

Tautomeric forms of metarhodopsid, Gen. Physiol. 47215—
240.

3. McBee, J. K., Palczewski, K., Baehr, W., and Pepperberg, D. R.
(2001) Confronting complexity: the interlink of phototransduction

and retinoid metabolism in the vertebrate retiRapg. Retinal
Eye Res. 20469-529.

4. Pugh, E. N., Jr., and Lamb, T. D. (2000) Phototransduction in
vertebrate rods and cones: molecular mechanisms of amplification,

recovery and light adaptation, tlandbook of Biological Physics

(Stavenga, D. G., DeGrip, W. J., and Pugh, E. N., Jr., Eds.) pp
183—-255, Elsevier Science B.V., Amsterdam, The Netherlands.

Methods Neurosci. 15801—-306.

19. Oprian, D. D., Asenjo, A. B., Lee, N., and Pelletier, S. L. (1991)

20.

21.

22.

23.

24.

25.

Design, chemical synthesis, and expression of genes for the three
human color vision pigment8Biochemistry 3011367 11372.

Ma, J.-x., Znoiko, S., Othersen, K. L., Ryan, J. C., Das, J., Isayama,
T., Kono, M., Oprian, D. D., Corson, D. W., Cornwall, M. C.,
Cameron, D. A,, Harosi, F. I., Makino, C. L., and Crouch, R. K.
(2001) A visual pigment expressed in both rod and cone
photoreceptorsNeuron 32 451—461.

Zhukovsky, E. A., Robinson, P. R., and Oprian, D. D. (1991)
Transducin activation by rhodopsin without a covalent bond to
the 11e€is-retinal chromophoreScience 251558—-560.
Wessling-Resnick, M., and Johnson, G. L. (1987) Allosteric
behavior in transducin activation mediated by rhodopsiiBiol.
Chem. 2623697-3705.

Baehr, W., Morita, E. A., Swanson, R. J., and Applebury, M. L.
(1982) Characterization of bovine rod outer segment G-protein,
J. Biol. Chem. 2576452-6460.

Gross, A. K., Rao, V. R., and Oprian, D. D. (2003) Characterization
of rhodopsin congenital night blindness mutant T®lgchemistry

42, 2009-2015.

Makino, C. L., Groesbeek, M., Lugtenburg, J., and Baylor, D. A.
(1999) Spectral tuning in salamander visual pigments studied with
dihydroretinal chromophore&iophys. J. 771024-1035.



5538 Biochemistry, Vol. 43, No. 18, 2004

26.

27.

28.

29.

30.

31.

32.

Kono, M., Ma, J.-x., Crouch, R. K., and Oprian, D. D. (2000)
Spectral tuning of the salamander UV pigmeBipphys. J. 78
479A.

Babu, K. R., Dukkipati, A., Birge, R. R., and Knox, B. E. (2001)
Regulation of phototransduction in short-wavelength cone visual
pigments via the retinylidene Schiff base counter®iochemistry

40, 13760-13766.

Shi, Y., Radlwimmer, F. B., and Yokoyama, S. (2001) Molecular
genetics and the evolution of ultraviolet vision in vertebra@eec.
Natl. Acad. Sci. U.S.A. 981731-11736.

Fasick, J. I., Applebury, M. L., and Oprian, D. D. (2002) Spectral
tuning in the mammalian short-wavelength sensitive cone pig-
ments,Biochemistry 416860-6865.

Shichida, Y., Imai, H., Imamoto, Y., Fukada, Y., and Yoshizawa,
T. (1994) Is chicken green-sensitive cone visual pigment a
rhodopsin-like pigment? A comparative study of the molecular
properties between chicken green and rhodopBiachemistry

33, 9040-9044.

Starace, D. M., and Knox, B. E. (1997) Activation of transducin
by a Xenopusshort wavelength visual pigmeni, Biol. Chem.
272 1095-1100.

Matsumoto, H., Tokunaga, F., and Yoshizawa, T. (1975) Acces-
sibility of the iodopsin chromophor&iochim. Biophys. Acta 404
300—-308.

33.

34.

35.

36.

37.

38.

39.

Das et al.

Crescitelli, F. (1988) The gecko visual pigment: the chromophore
dark exchange reactiokxp. Eye Res. 4@239-248.

Corson, D. W., and Crouch, R. K. (2001) Activity of ti&
9-demethyl retinal in red-sensitive cones from salamarideest.
Ophthalmol. Visual Sci. 425370.

Yamamoto, K., and Shichi, H. (1983) Rhodopsin phosphorylation
occurs at metarhodopsin Il lev@jophys. Struct. Mech., 259—

267.

Rim, J., and Oprian, D. D. (1995) Constitutive activation of
opsin: interaction of mutants with rhodopsin kinase and arrestin,
Biochemistry 3411938-11945.

Rieke, F., and Baylor, D. A. (2000) Origin and functional impact
of dark noise in retinal cone®Neuron 26 181—-186.

Fritze, O., Filipek, S., Kuksa, V., Palczewski, K., Hofmann, K.
P., and Ernst, O. P. (2003) Role of the conservedoNPX)s ¢F
motif in the rhodopsin ground state and during activati®rgc.
Natl. Acad. Sci. U.S.A. 10@290-2295.

Kim, J.-M., Altenbach, C., Thurmond, R. L., Khorana, H. G., and
Hubbell, W. L. (1997) Structure and function in rhodopsin:
rhodopsin mutants with a neutral amino acid at E134 have a
partially activated conformation in the dark stdegpc. Natl. Acad.
Sci. U.S.A. 9414273-14278.

BI036097U



