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We report the studies employing tis-13-desmethylretinal
(13dm) 1, its dihydro analogue 2H13dm2, and 1leis six-
membered ring-locked analogue r&@o clarify the mechanism
of dark activity of the 13-desmethylretinal/rod opsin complex.

Rhodopsin (Rh) is composed of a retinal chromophore linked
to Lys 296 of the apoprotein opsin via a protonated Schiff base
(PSB)! Light-induced retinal 1kis — trans isomerization
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Figure 1. Traces A-H: Relative activities of incubation mixture
measured by transducin assay. A. 13tland opsin; B. Alltrans-retinal
and opsin; C. Alltransretinal and opsin pretreated wifftrionone; D.
2H13dm2 and opsin; E. Ret8 and opsin; F. 13dr and opsin pretreated
with s-ionone; G S-ionone and opsin; H. Opsin. Trace |:séof 13dm
1 with opsin. Trace J: #&7of 13dm1and opsin pretreated wiffrionone.

process of visual regulation. Following the 1980 report that 13dm
1 and opsin induced dark activation of phosphodiestetase,
subsequent assay for rhodopsin kinase activity showed that the
dark activity decayed with time, i.e., it is transi¢nt.In the
following, the mechanism of this transient dark activity has been
studied with analogue$—38 by performing UV/Vis/CD mea-
surements and transducin ass#yis, which the relative activity

triggers protein conformational changes leading to metarhodopsinof opsin/retinal complex is measured by counting the amount of

Il (Meta-Il) which activates the G-protein transducin to initiate
the enzymatic cascade of visual transductioRhosphorylation

of Meta-II by rhodopsin kinase and subsequent binding of arrestin
deactivate Meta-If.

GTPy®S bound to transducin.

Figure 1 shows the transducin assay and UV/Vis measurements.
Opsin treated with 13drh exhibited transient dark activity (trace
A), consistent with previous kinase assay datdecay of the

Recently it has been observed that opsin can be activated by, qyiyity was accompanied with the regeneration of 13-desmethyl

retinal analogues including dllansretinal, alltrans-13dm4, all-
transC155, andS-ionone6 in the absence of ligtt Dark activity
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rhodopsin (13dmRh) with a 497 niax (trace 1), implying that

an early active species is replaced by the inactive 13dmRh with
the PSB linkage (497 nm). The residual activity after 120 min
incubation could be due to the nonspecific binding of G¥B.

The retinal binding cavity contains a binding site (site | in
Figure 3 below) for the cyclohexene ring @fionone6,*d°which
activates opsin, but compared to 13dnonly weakly*c¢ Traces
J and F show thap-ionone inhibits the binding and opsin
activation of 13dnil. Hence, for opsin activation, 13dimeeds
to enter the protein cavity with the cyclohexene ring occupying
the corresponding binding pocket. In contrast, traces B and C

of opsin/retinal complex has been proposed to be responsible forshow alltransretinal exhibited sustained activity which was

bleaching adaptatioft; %> whereas constitutive activation of opsin
leads to certain night blindness and retinal degeneration disééses.
Therefore, clarification of the mechanism of dark activity of opsin/
retinal complex is essential for understanding the complicated
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Figure 2. Time-dependent CD spectra of opsin incubated with retinal
analogues. (A) 13dn (0 °C). (B) Ret63 (rt). (C) 2H13dm2 (rt).
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Figure 3. Proposed model of activity of opsin/13dincomplex. 3D

model shows seven-helices surrounding the retinal binding cavity
including sites +1ll. (A) The activation is transient since PSB formation
at site Ill leads to inactivation of the protein. (B) Prior to PSB formation,
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Cotton effect around 280 nm that decays with loss in activity. In
contrast, opsin incubated with re3gFigure 2B) showed neither
activity (Figure 1, trace E) nor a negative 280 nm CD Cotton
effect (Figure 2B). It should be noted that in the case of native
Rh, the physiologically active Meta-Il has a negative 280 nm CD
band as opposed to the positive 280 nm CD of'RlHence, it

is possible that the transient dark active species of opsin
incorporating 13dm1 or 2H13dm 2 adopts a Meta-ll-like
conformation.

On the basis of these data, we propose the following rational-
ization for thetransient dark actiation of opsin by 13dml and
2H13dm?2 (Figure 3; the 3D structure is based on photoaffinity
cross-linking®). The opsin cavity incorporating the retinals is
divided into three binding domains, site | for the cyclohexene
ring, site Il for the polyene chain, and site 11l for PSB.

(i) Occupation of site | by the cyclohexene moiety is required
for opsin activation.

(iiy Prior to pigment formation, 1bisretinals transiently
activate the protein during the binding process. Rhodopsin kinase
assay study showed that 13dni exhibits no transient dark
activation when Lys 296 is dimethylated. Thus, approach of the
retinal aldehyde close to Lys 296 in site Il or formation of a
Schiff base linkage is necessary for opsin activation.

(iif) Protonation of the Schiff base (Figure 3A) inactivates the
protein through salt bridge formation between PSB and its
counteranion Glu 11%:13

(iv) During the process of “anchoring” of retinal in sites | (as
in i) and Il (as in ii), the polyene chain adopts a shape which
gives rise to a transient Meta-ll-like conformation in opsin.

In the case of 13dm and 2H13dm2, as the chromophore
enters the opsin binding site with its cyclohexene ring in site |
and the unprotonated Schiff base linkage in site Ill, the retinal
polyene enters site |l and adjusts the torsions around-CIi(B
to attain the conformation responsible for protein activation
(Figure 3B). The ring-locked ret8 cannot adopt this conforma-
tion and is thus inactive (Figure 3C). No dark activity has been

as the retinal cyclohexene ring occupies site | and the aldehyde approache§eported for 1leisretinal;* a possible explanation is that since

Lys 296 at site Il without PSB formation, 13dm analogdesnd?2 are

able to adjust the polyene conformation at site Il to transiently adopt a
shape close to Meta-1l rhodopsin. (C) R&#s inactive since the ring-
fixed polyene, unlike the 13dm analogues, cannot achieve the Meta-II-
like conformation.
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aConditions: (a) DIBAL-H, CHCI,, —78 °C, 78%; (b) diethyl (1-
cyanoethyl)phosphonate, NaH, THF, 76% overall; (c) DIBAL-H,,CH,
—78 °C, 80%; (d)f-ionyltriphenylphosphonium bromide, BuLi, THF,
65%; (e) amberlyst acidic resin, acetone, 95%; (f) diethyl cyanomethyl
phosphonate, NaH, THF, quant.; (g) DIBAL-H, @El,, —78 °C, silica
gel chromatography to separate 1:1 isomers, 79% overall.

ret6 3! formed pigments with opsin, withnax at 270 and 508
nm, respectively. As shown in Figure 2,exhibited transient
activity similar to 13dml (traces A, D), while3 was inactive
(trace E).

The conformational changes of retinal analogues and opsin
during activation were studied by CD (Figure 2). For 13tim
and 2H13dm2 which display transient activity (Figure 1, traces
A, D), the CD shown in Figure 2A,C both exhibit a negative

(10)*H NMR (CDCl3, 400 MHz, ppm) for2: ¢ 9.54 (1H, d,J = 7.9 Hz),
6.89 (1H, dt,J; = 15.6 Hz,J, = 12.9 Hz), 6.18 (1H, ddt), = 15.6 Hz,J, =
7.9 Hz, J3= 1.4 Hz), 6.07 (1H, dJ = 16.6 Hz), 6.01 (1H, dJ = 16.2 Hz),
5.40 (1H, t,J = 6.6 Hz), 2.47 (2H, m), 2.42 (2H, m), 2.02 (2H,k= 6.3
Hz), 1.83 (3H, s), 1.71 (3H, s), 1.64 (2H, m), 1.50 (2H, m), 1.04 (6H, s). nOe
was observed between 9-Me/7-H, 9-Me/11-H, and 8-H/10-H. HRMS: Cal-
culated 272.2140 for gH»sO, observed 272.2137.

the binding of 1leis-retinal is 10 times faster than 13dinthe
retinal and protein rapidly attain the inactive state of rhodopsin.
Experiments designed to slow this binding process may reveal
transient activation. Note that traces B and C in Figure 1, which
denotesustaineddark activity by alltransretinal, are different
from the presentransientdark activity. It is regarded that in
the case of sustained activity, the chromophore lies outside the
binding site?d however, further studies are necessary.

Finally, the opsin used for the experiments was from a rod out
segment preparatiéhand contains mainly the rod opsin. In
isolated salamander rods, a similar response is noted, i.e.,
activation without light by3-ionone6**and 13dmi.** However,
in isolated salamander cones, the opposite result is obtained as
p-ionone deactivated the basal activity of the photoreceptor, acting
as an inverse agonist. Therefore, the interaction of the opsin
with the ligand appears to be dependent on the structure of the
opsin and may explain some of the differences in the properties
of rods and cones.
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