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Abstract: Absorbance difference spectra were recorded from 20 nsge dfter 20°C photoexcitation of
artificial visual pigments derived either from 5-demethylretinal or from a mesityl analogue of retinal. Both
pigments produced an early photointermediate similar to bovine bathorhodopsin (Batho). In both cases the
Batho analogue decayed to a lumirhodopsin (Lumi) analogue via a blue-shifted intermediate, BSI, which formed
an equilibrium with the Batho analogue. The stability of 5-demethyl Batho, even though the C8-hydrogen of
the polyene chain cannot interact with a ring C5-methyl group to provide a barrier to Batho decay, raises the
possibility that the 5-demethylretinal ring binds oppositely from normal to form a pigment with a 6-s-trans
ring-chain conformation. If 6-s-trans binding occurred, the ring C1-methyls could replace the C5-methyl in its
interaction with the chain C8-hydrogen to preserve the steric barrier to Batho decay, consistent with the kinetic
results. The possibility of 6-s-trans binding for 5-demethylretinal also could account for the unexpected blue
shift of 5-demethyl visual pigments and could explain why 5-demethyl artificial pigments regenerate so slowly.
Although the mesityl analogue BSI's absorption spectrum was blue-shifted relative to its pigment spectrum,
the blue shift was much smaller than for rhodopsin’s or 5-demethylisorhodopsin’s BSI. This suggests that
increased C6C7 torsion may be responsible for some of BSI's blue shift, which is not the case for mesityl
analogue BSI either because of reduced spectral sensitivity t@CZ@&orsion or because the symmetry of the
mesityl retinal analogue precludes having 6-s-cis and 6-s-trans conformers. The similarity of the mesityl analogue
BSI and native BShmax Values supports the idea that BSI has a 6-s angle néaa3tbndition which could
disconnect the chain (and BSI's spectrum) from the double bond specifics of the ring.

Introduction Artificial visual pigments produced by regeneration of bovine

The recent X-ray crystal structure of bovine rhodopsias opsir_1 with retinal a_nalogues have proven to be usefu_l tools for
revealed structural details which are central to understanding Probing factors which control early chromophore motions. The
the activation mechanism of visual pigments and other Class | @bsence of chromophore motion reported for Batho is consistent
G-protein-coupled receptors (GPCRs). Further work is neededWwith the previously d_eveloped idea that phot_()lsomenzatlon
to explain how a photoreceptor protein’s dark state, inactivated converts the 180rotation of the C1+C12 bond into smaller
by 11<is-retinal, is transformed by light into the activated form, torsions distributed over the other bonds in the chromophore’s
a process beginning with chromophore photoisomerization and poly'ene. chain. To stabilize this twisted state, some barrller to
ultimately involving reorganization of several cytoplasmic loops Motion in Batho must prevent release of the torsion. Time-
distant from the retinylidene chromophore. Photoaffinity labeling "€Solved absorbance measurements after photoexcitation of
experiments using retinal analogues show that although theartificial visual pigments show that retinal analogues with
chromophore has not moved significantly in bathorhodopsin |ncreas_gd flexibility in th_e vicinity of the ring-chain connection
(Batho), the earliest photointermediate which can be thermally destabilize Bath6> Similar measurements on other artificial
stabilized, a large transformation has occurred after Batho hasPigments where steric bulk was introduced along the retinal
decayed to lumirhodopsin (Lumi), which is the next trappable polyeng chain led to a model in which steric hmdranpe between
intermediate at low temperaturéghis chromophore motion ~ the retinal C8-hydrogen and its C5-methyl (see Figure 1 and
is likely to initiate the earliest stage of protein activation in visual Structures) constitutes the primary barrier to Batho déday.
pigments and may provide insight into analogous protein contrastto Batho decay, where the role of the protein is primarily
activation steps in other Class | GPCRs. The latter are important@ passive one, confining the chromophore to the binding pocket

targets for drug design, but because they are chemoreceptorsVhere internal rotation barriers are operable, Lumi formation

directly. It is therefore important to characterize the relevant the photoaffinity labeling results. Although a variety of chro-
rhodopsin processes closer to physiological temperatures wherdMophore modifications can dramatically shorten the lifetime of
an additional blue-shifted intermediate (BSI) appears between
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9-methyl = | 11-cis

Figure 1. 1il-cis-Retinylidene structure of rhodopsin determined by
X-ray diffraction. Shown in the foreground (rendered in stick style) is
the chain of Lys-296 and the carbon backbone up to C9 of the
chromophore of rhodopsin (chromophore coordinates taken from
molecule B of the X-ray crystal structure of Palczewski et al., 2000
(ref 1)). The ring end of the retinal beyond C9 is rendered in space-
filling CPK style to show the steric hindrance that exists between the
C8-hydrogen and the C5-methyl group on th@none ring. Because

of the pre-existing twist around the CX£13 single bond, when light
isomerizes the 11-cis bond (at bottom), the C13-methyl end of the chain

moves as shown, and consequently C8 moves oppositely. This motion

creates a stable twist in Batho which requires rotation of the chain
C8-hydrogen past the ring C5-methyl in order to relax. This relaxation
(which forms BSI) is hindered by the contact between the C8-hydrogen
and the C5-methyl. (Except for C8, the main chain hydrogens are not
shown in this figure.)
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Preparation of Artificial Rhodopsins. Rod outer segments (ROS)
containing bovine opsin were prepared for regenerations as described
previously® Subsequent steps were conducted under dim red light.
Regenerations of artificial visual pigments were begun by adding an
aliquot of a concentrated chromophore stock solution (freshly prepared
in ethanol) to a ROS suspension of opsin. The amount added was
sufficient to give a 2-3-fold excess of chromophore over opsin and
small enough that ethanol remained less than 3% of the resulting
solution. Regenerating mixtures were incubated in the dark 4C37
and aliquots were withdrawn periodically to measure the extent of
regeneration spectrophotometrically after dilution in 1% Ammonyx LO
detergent. Visual pigments typically form within the first hour of
incubation as was the case here for the mesitytis¥etinal analogue.

The pigment from S®is-5-demethylretinal formed much more slowly,
and after the first 2 h, incubation was continued at room temperature
for 4 days, at which point pigment formation had ceased. Anomalously
slow regeneration of visual pigments derived from 5-demethylretinal
has been reported twice previoushy.Several batches of both pigments
were made with yields ranging from 20% to 30% based on opsin. After
regeneration was complete, excess chromophore was converted to the
alcohol form by adding 0.1 mg of NADPH (the cofactor for the
endogenous ROS retinol dehydrogenase) per milligram of opsin and
continuing the incubation for 1 h. Regenerated ROS were stripped of
extrinsic membrane proteins by two cycles of centrifugation (Sorvall
SS-34 rotor, 30 min at 17K rpm) followed by resuspension in 1 mM
EDTA, pH 7.0. After the final wash, membranes were pelleted and the
artificial visual pigments were solubilized in sufficient 2% octylglu-
coside detergent in buffer (pH 7.0, 10 mM TRIS, 60 mM KCI, 30 mM
NaCl, 2 mM MgChk, 0.1 mM EDTA) to produce a solution whose
absorbance was0.6 (path length= 1 cm) at the peak of the long-
wavelength pigment absorption band (474 nm for 5-demethylisor-
hodopsin and 480 nm for the mesityl rhodopsin analogue). Octylglu-
coside suspensions of pigments were centrifuged immediately prior to
measurements to remove any unsolubilized material.

Time-Resolved Spectroscopyndividual samples were photolyzed
by 7-ns (fwhm) laser pulses. The changes in absorbance at particular
time delays after photolysis, ranging from 20 ns to approximately 1

us, were measured using a gated optical multichannel andfyEer.

measurements on 5-demethylisorhodopsin, samples were excited using
477-nm light from a dye laser pumped by the 355-nm third harmonic
of a Nd:YAG laser. To reduce secondary photolysis of the unusually
blue-shifted mesityl rhodopsin analogue that could produce the even
more blue-shifted mesityl isorhodopsin analogue, the dye laser was
adjusted to produce 440-nm excitation. In both cases the energy

Batho, the subsequent decay of BSl is less affected, particularly yejivered to the sample was @3/mn?. Absorbance changes due to

when chromophore bulk is unchanged or reduté&tie latter
observation implicates an intrinsic protein relaxation instead of
an intrachromophore barrier as the rate-limiting step in Lumi
formation.

The above picture of early events obtained from time-resolved
measurements has been difficult to reconcile with low-temper-
ature experiments on 5-demethylrhodopsin where a Batho
intermediate can be trapped at liquid nitrogen temperdture.
Since removal of the retinal C5-methyl group presumably
removes the barrier to Batho decay, 5-demethylrhodopsin would
have been expected to behave like other artificial pigments
where increased ring-chain flexibility prevents Batho from being

rotational diffusion were eliminated either by averaging the absorbance
changes measured using parallel and perpendicularly polarized (with
respect to the laser polarization axis) lighth = (AA; + 2AAq)/3, or
by measuring absorbance changes with light linearly polarized at 54.7
relative to the laser polarization axis. The path length for probe light
in the sample was either 2 mm (5-demethylisorhodopsin) or 1 cm
(mesityl rhodopsin analogue), and sample temperatures were maintained
at 20 °C. Fresh sample was pumped into the optical path from a
computer-controlled syringe after each photolysis pulse. The spectrum
of the pigment bleached by the laser was determined as described
previously*?

Data Analysis.The sets of experimental difference spedtred\(4,t)},
were fit as previously describ&tb a function whose form was a sum

trapped under these conditions. To investigate the reason forof exponential decays:
this difference, we conducted time-resolved absorbance mea-

surements at 20C on visual pigments derived either from
5-demethylretinal or from a mesityl analogue of retinal.

Experimental Section

Preparation of Retinal Analogues.9-cis-5-Demethylretinal, and
11cismesityl retinal were synthesized according to previously de-
scribed methodologies’

(7) Kropf, A. Nature1976 264, 92—94.
(8) Kropf, K.; Whittenberger, B. P.; Goff, S.; Waggoner, Bxp. Eye
Res.1973 17, 591-606.

Aa(A,t) = by(d) + by(A) expt/ry) + by(d) exp(—tit,) +

The apparent lifetimes;, and the difference spectra associated with

(9) Matsumoto, H.; Asato, A. E.; Denny, M.; Baretz, B.; Yen, Y.-P,;
Tong, D.; Liu, R. S. HBiochemistry198Q 19, 4589-4594.

(10) Eyring, G.; Curry, B.; Mathies, R.; Fransen, R.; Palings, |;
Lugtenburg, JBiochemistry198Q 19, 2410-2418.
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2833.
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Figure 2. Absorbance changes occurring after 477-nm photoexcitation Figure 3. Absolute spectra of intermediates which result from fitting
of 5-demethylisorhodopsin at 2@C. Difference spectra shown were  the data of Figure 2 to a straight sequential (no back reactions) scheme.
collected 25 (heavy line), 35, 50, 70, 100, 150, 200, 400, and 800 ns The dotted line shows the earliest intermediate (Batho), the thin solid
and 1.6us (alternating dotted and solid lines) after the 7-ns photo- line shows the second intermediate, and the thick line shows the
excitation pulse. Negative absorbance below 500 nm (bleaching) andspectrum of the 5-demethyl Lumi analogue. Because back reactions
positive absorbance above that wavelength clearly show conversion ofare not considered in this fit, the spectrum resulting for the second
the visual pigment into a bathorhodopsin analogue at early times.  intermediate is a mixture of BSI and Batho, accounting for the tailing
seen on the red edge of the second intermediate.
the individual lifetimes, ob-spectra,bi(1), were determined for fits
involving one, two, and three exponential terms. The residuals from
these fits were compared to determine the best choice using as criteria
the spectral structure of residuals relative to the noise level and
reproducibility of the fit. For data on the time scale studied here, the
following mechanism describes results for rhodogsin:

0.02r

5-demethyl Lumi

Scheme 1 0.01

Absorbance

k ks .
Bathok~——‘1 BSI— Lumi ***
2

Using the experimentally determind@spectra and the spectrum of
the pigment bleached by the laser, absolute spectra of the initial and g gg )
final species (Batho and Lumi) can be directly calculated. These spectra, 400 500

like those of visual pigments themselves, typically have broad

wavelength profiles with roughly Gaussian shape (the red half of the Wavelength (nm)

long-wavelength absorption bands of rhodopsin, isorhodopsin, Batho, Figure 4. Absolute spectra of 5-demethylisorhodopsin intermediates
and Lumi are very well represented by Gaussians), and this characterresulting from Scheme 1 with a Bath@SI equilibrium constantK

can be used to estimate the equilibrium constant for the equilibrium. = 1.8. Symbols show the data points obtained by averaging four data
By assuming that the spectrum of BSI has reasonable properties, e.g.points. Solid lines show the spectra of intermediates obtained from the
no negative bands et the equilibrium constant can be estimated by fit, and the dashed line shows the spectrum of the material that was
variation until the best BSI spectrum is obtained. Conversely, the bleached to form these intermediatés 4 = 474 nm).

presence of an equilibrium between Batho and BSI can be deduced
from the fact that an unacceptable shape is calculated for the BSI
spectrum when the data are fit with a straight sequential model (i.e.,

Table 1. Spectra of Intermediates Determined from Fitting Scheme
1 to Absorption Difference Spectra

no back reactions). mesityl rhodopsin
5-demethylisorhodopsin analogue rhodopsin
Results Batho 530 nm 506 nm 531 nm
BSI 466 nm 464 nm 473 nm
The absorbance difference spectra collected after photolysis Lumi 482 nm 458 nm 488 nm

of 5-demethylisorhodopsin are shown in Figure 2. Those data Pigment 474 nm 480 nm 500 nm
were best fit by two exponential processes with apparent apata at 22°C from Hug et al., 1998.> Determined from the
lifetimes 80 and 860 ns. Absolute spectra of the intermediates pigment bleached by one laser pulse.

obtained under the assumption of a straight sequential model . )
are shown in Figure 3. As can be seen there, the initial Absorpance dlﬁe(ence spectra collected gfter photolysis of
photoproduct is a red-shifted Batho intermediate. The secondf}lhe mesityl rhodo%sm afr_1alt§)gue are shown 'ml Figure 5. Tho_sr?
intermediate has a broad absorption profile with substantial ata were again best fit by two exponential processes wit
tailing toward the red edge where the Batho intermediate apparent Illfet.|mes 40 and 145 ns. As would bg prected whgn
absorbs, indicating the presence of a BatB®! equilibrium apparent lifetimes are close together, the precision in determin-
Figure 4 shows the spectra of intermediates obtained using ing the Ii_fetimes was not as great as it was for '_s-d_emethyliso-
= 1.8 for the Bathe-BSI equilibrium constant. Thémayvalues rhodopsin or for bovine rhodopsin where the lifetimes differ
— 4. . ax . .

of these intermediates and the microscopic rate constantsbyaf"’lcto.r Of.NS' However, the residuals obtamed fromatwo.-
obtained using that equilibrium constant in Scheme 1 are given exponential fit were better than those from a single-exponential

in Tables 1 and 2, respectively. (13) Nagle, J. F.; Parodi, L. A.; Lozier, R. Biophys. J1982 38, 161.
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Table 2. Microscopic Rate Constants Determined from Fitting 0.08
Scheme 1 to Absorption Difference Spectra

mesityl Lumi g

mesityl rhodopsin

5-demethylisorhodopsin ~ analogue rhodopsin
ke (10Ps7Y) 7.4 16.5 13.9 ]
ke (10°s7%) 4.2 4.1 9.2 &
ks (10Ps?) 1.9 9.9 9.3 -‘g 0.04
aData at 22°C from Hug et al., 1996. é
0.02 b A A
0.00 . i
400 500 600
< . Wavelength (nm)
< 0.00 : Figure 7. Absolute spectra of mesityl rhodopsin analogue intermediates
resulting from Scheme 1 with a Bath®SI equilibrium constantk
= 4. Symbols show the data points obtained by averaging four data
points. Solid lines show the spectra of intermediates obtained from the
fit, and the dashed line shows the spectrum of the material that was
-0.02 bleached to form these intermediatés = 480 nm).
400 500 600

equilibrium constant. Thénax values of these intermediates are
Wavelength (nm) given in Table 1, and the microscopic rate constants are given

Figure 5. Absorbance changes occurring after 440-nm photoexcitation in Table 2.
of the mesityl rhodopsin analogue at 20. Difference spectra shown ) _
were collected 20 (heavy line), 40, 80, 160, and 640 ns (alternating Discussion
dotted and solid lines) after the 7-ns photoexcitation pulse. Negative e . . .
) P P d Both artificial visual pigments studied here form Batho

absorbance below 500 nm (bleaching) and positive absorbance above . . ‘ ; . ;
this wavelength clearly show conversion of the visual pigment into a INtermediates displaying red-shifted spectra and decaying with

bathorhodopsin analogue at early times. lifetimes comparable to what is seen after photolysis of bovine
rhodopsin. This is in contrast to artificial pigments with
0.08 increased ring-chain flexibilith? or to certain rhodopsin gene

mutations which disrupt amino acid side chain packing in the
retinal binding pocket? modifications that both result in
pigments where Batho decays to BSI much more rapidly.
Similarly, red cone pigments display rapid Batho decays which
are unresolvable on the time scale studied Aete These
chromophore and protein modifications affect the rate of BSI
decay to Lumi much less than they affect the Batho decay rate,
and that pattern holds for the artificial pigments from 5-de-
methylretinal and the mesityl retinal analogue studied here,
supporting the idea that protein change, as opposed to binding
0.00 ) pocket./chromophore specifics, is rate determining in Lumi
400 500 600 formation. - _ _

Wavelength (nm) _ng Conforr_natlon in 5-Demethyhsorh9dopsm.The sta-
) ) ) ) » bility of the mesityl analogue Batho is consistent with previously
I;ugL:jretG. fA'BSOIUt% fpect;a pfr:[ltermedltgule(s er;'ChkreS“'E[_fror'; flttrl]ng developed ideas about the barrier to Batho relaxation. However,
the data of Figure 0 a straight sequential (N0 back reactions) scheme H : : :
The dotted line shows the earliest intermediate (Batho), the thin solid the fact that 5-demethyllso_rhodop5|n fofr.“s a Batho intermediate
line shows the second intermediate, and the thick line shows the at room temperature WhICh has S'.[a.lblmy cqmparable tc.) that
spectrum of the 5-demethyl Lumi analogue. Because back reactionsformed after photolysis of unmodified bovme rhodopsin is
are not considered in this fit, the spectrum resulting for the second Unexpected because removal of the retinal C5-methyl should
intermediate is a mixture of BSI and Batho, accounting for the tailing '€émove the steric interaction with the C8-hydrogen which is
seen on the red edge of the second intermediate. believed to stabilize Batho. Resonance Raman results for

5-demethylrhodopsin have shown that the Batho formed at low
fit. The absolute spectra of the intermediates obtained undertemperatures displays HOOPs vibrations similar to those of
the assumption of a straight sequential model are shown in native Batho, indicating that 5-demethyl Batho has a torsionally
Figure 6. Note that the second intermediate is not blue-shifted strained chromophor®:17 Since similar strain likely exists in
relative to the Lumi analogue, a factor which also contributes the room-temperature 5-demethyl Batho chomophore as well,
to the reduced precision in the determination of the apparent _ . —— . — —
lifetimes. Although not as pronounced as for 5-demethyliso- D.%&%é%’ﬁé’rﬁ;t&a‘géyééﬂgéiHél%zl“”d" I.; Sakmar, T. P.; Kliger,
rhodopsin or for rhodopsin itself (wheke= 1.4), the spectrum (15) Shichida, Y.; O£<ad<":1, T.; Kandori, H.; Fukada, Y.; Yoshizawa, T.
of the second intermediate produced by the straight sequentialBiochemistryl993 32, 10831-10838.
model shows tailing to the red which signals the presence of a . (16) Lewis, J. W.; Liang, J.. Ebrey, T. G.; Sheves, M.; Kliger, D. S.
S i Biochemistry1995 34, 5817-5823.

Batho-BSI equilibrium. Figure 7 shows the spectra of the (17) Palings, I.; Pardoen, J. A.; van den Berg, E.; Winkel, C.; Lugtenburg,
intermediates obtained using = 4 for the Bathe-BSI J.; Mathies, R. ABiochemistry1987, 26, 2544-2556.
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it is of interest to consider what barrier prevents relaxation of
Batho after photoisomerization of 5-demethyl pigments. One
possible answer is that the ring of 5-demethylretinal binds
oppositely to that of the unmodified pigment such that the C1-
methyls replace the C5-methyl in its interaction with the C8-
hydrogen, reconstituting the barrier.

Discussion of this hypothesis begins with the dark conforma-
tion of the retinal. Significant evidence points to a 6-s-cis
(C5=C6 and C#C8 double bonds on the same side of the
C6—C7 single bond, see structures, below) form of the retinal
in rhodopsin, including previous artificial pigment studies of
6-s-cis-locked bicyclic rhodopsin analogues which displayed
Amax Values and photochemical behavior similar to those of

Lewis et al.

might also explain the anomalously slow regeneration observed
for 5-demethylretinal pigments. Becays@none competitively
inhibits rhodopsin regeneration, it has been assumed that the
ring end of retinal binds to opsin firdt. This initial binding
step is likely to be favored by a transient conformation where
the ring adopts the same twist relative to the polyene chain as
occurs in rhodopsin. The presence of the 5-methyl group could
act to increase the temporal probability of such a conformation
since it defines a turning point for torsional vibrations of the
chain relative to the ring. When it is absent, as in 5-demethyl-
retinal, the ring-chain orientation required for native rhodopsin
to form may be quite transient, reducing the probability of an
important regeneration step. In that case, the C1-methyls could

rhodopsint® Deuterium NMR measurements have suggested a provide an alternative turning point with similarly high temporal

5-demethyl-
9-cis-retinal

11-cis-6s~trans-
retinal

\No mesityl-11-cis-retinal "\

6-s-trans conformatiot?, but the most recent determination from

the rhodopsin X-ray structure has supported the more commonly
reported 6-s-cis conformation. For practical purposes, the
difference between these two conformations is not as great a
it might seem, since in neither case can a planar 6-s conforma-
tion be achieved because of steric interaction between the retinal®

C8-hydrogen and the ring C5-methyl or C1-methyls. The 6-s-
trans form most consistent with tRel NMR data was reported
to have a 70twist away from planarity? and the typical torsion
angle expected for 6-s-cis forms is°#3-21 Torsion of the C6-

C7 bond away from planarity has important consequences for
the absorption spectrum because it blue shifts the spectrum o

either 6-s conformatiotf 22

The Amax0f 5-demethylisorhodopsin (474 nm) is significantly
blue-shifted relative to that of isorhodopsin (485 nm). This is
surprising since removal of the C5-methyl group should allow
the ring’s C5=C6 double bond to become more planar with
the chain’s C#C8 double bond, bringing them into conjugation
and red shifting the spectrum. The observed blue shift of

5-demethyl visual pigments is only unexpected, however, under
the assumption that the native retinal is in the twisted 6-s-cis
form and that 5-demethylretinal binds in the same conformation.

If 5-demethylretinal were to bind in the twisted 6-s-trans form
it would be expected to be significantly blue-shifted relative to
a native 6-ssis-retinal conformation since s-trans conformations
have long been known to be blue-shifted relative to the
corresponding s-cis forn# although such rules must be applied

with caution when comparing twisted conformers. Such an effect

(18) Imamoto, Y.; Sakai, M.; Katsuta, Y.; Wada, A.; Ito, M.; Shichida,
Y. Biochemistryl996 35, 6257-6262.

(19) Grdbner, G.; Burnett, I. J.; Glaubitz, C.; Choi, G.; Mason, A. J.;
Watts, A.Nature200Q 405 810-813.

(20) Han, M.; Smith, S. OBiochemistryl995 34, 1425-1432.

(21) Birge, R. R.; Einterz, C. M.; Knapp, H. M.; Murray, L. Biophys.
J. 1988 53, 367—385.

(22) van der Steen, R.; Biesheuvel, P. L.; Mathies, R. A.; Lugtenburg,
J.J. Am. Chem. S0d.986 108 6410-6411.

(23) Woodward, R. BJ. Am. Chem. Sod.942 64, 72.

S

probability, but resulting in a chromophore conformation which
only approximates the native one, being instead 6-s-trans. That
less optimal form might bind at the observed much slower rate
to produce a blue-shifted 6-s-trans pigment.

Reduced Mesityl Analogue BSI Blue Shift. From the
standpoint of the 6-s question, the mesityl analogue of retinal
is interesting since its symmetry precludes its having different
6-s-cis and 6-s-trans forms. The mesityl rhodopsin analogue and
its intermediates except for BSI are at least 20 nm blue-shifted
relative to rhodopsin and its intermediates. Apparently the
extension of conjugation which red shifts the spectra of 3,4-
dehydroretinal-based visual pigments and their photointer-
mediate$does not have a similar effect in this aromatic pigment.
The blue shifts observed for the mesityl rhodopsin analogue
and its intermediates indicate reduced conjugation which could
be caused by effects intrinsic to the mesityl retinal analogue or
external to it, arising from interaction with opsin. One intrinsic
factor could be a stronger interaction between the two mesityl
methyls and the polyene chain which could reduce ring-chain
lanarity. Another possible intrinsic blue shifting factor would
be a reduced spectral sensitivity to torsion of the aromatic ring.
Alternatively the general blue shift of the mesityl pigment and
its intermediates could result from factors external to the
chromophore, such as a misfit of the aromatic ring into the
binding pocket which could induce a more twisted initial ring-

1[(:hain conformation. If an intrinsic blue shifting factor is at work

in the mesityl chromophore, the fact that the mesityl analogue
BSI is not blue-shifted by-20 nm relative to native rhodopsin’s
BSI suggests that a contribution to native BSI’s blue shift comes
from a feature which is absent from the mesityl analogue
chromophore. One way this could occur is if part of native BSI's
blue shift comes from a transient 6-s-cis to twisted 6-s-trans
conversion which, because of symmetry, does not have a spectral
effect in the mesityl rhodopsin analogue case. Such a transient
6-s-trans species could remain highly twisted, and the fact that
the mesityl analogue BSI haslaax relatively similar to that of
native BSI suggests a ring conformation at BSI which electroni-
cally disconnects the polyene chain from the double bond
specifics of the ring, i.e., a 6-s angle neaf 9bhis increase in

the ring-chain angle could be the distinctive feature of BSI which
triggers protein change leading to Lumi formation. It should
be emphasized that we only propose 6-s torsional effects to
account for a portion of the blue shift of BSI. The mesityl
analogue BSI remains blue-shifted relative to its parent pigment
spectrum although much less so than in the case of rhodopsin
and its BSI. Therefore, other factors must also contribute to
the blue shift of BSI, such as the change in Schiff base
environment on BSI formation seen in FTIR measurements on
5,6-dihydroisorhodopsif?. The possibility that the C6C7

(24) Matsumoto, H.; Horiuchi, K.; Yoshizawa, Biochim. Biophys. Acta
1978 501, 257—-268.
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connection has an increased deviation from planarity in BSI is Conclusion
consistent with the observation of the blue-shifted intermediate,
BL, after batho decay in an artificial visual pigment containing

a chromophore with a seven-membered ring-locked 6-s-cis
conformation, whereas no BSI was observed in the much more ', " ¢ 4. prototypical G-protein-coupled receptor. Many

restricted case where a five-membered locking ring was sed. aspects of what had been found previously were confirmed by

5-Demethyl Lumi Forms Slowly. Unlike the relatively getails of the X-ray structure, while other aspects of the X-ray
normal kinetic behavior of me;ityl analogue BSI, the decay of ,agylts were quite unexpected, such as the proximity of
the 5-demethyl BSI seems quite slow compared to that of BSI gxtracellular loop II, strand 4 to retinylidene. This new informa-
from rhodopsin and most other artificial pigments. That may  tjon opens the way for more direct approaches using synthetic
be a consequence of the ring binding in a non-native 6-s-ransretinal analogues and promises to considerably reduce ambiguity
conformation, since similarly slow rates have previously only i the interpretation of results. Rhodopsin has become a valuable
been observed in cases where bulk has been added along thgyo| for understanding early stages of activation in drug
polyene chairf, which is not the case here. Given that Batho cangidate GPCR'’s whose chemoreceptor function makes them
decay involves movement of the C8-hydrogen past the C5- ass amenable to rapid kinetic study. Although excellent time
methyl? so that subsequently C8 pushes the C5-methyl of the yesojution has been achieved in characterizing the rhodopsin
ring in the opposite direction, it is likely that BSI formation photointermediates, interpretation of rhodopsin photolysis results
involves S-ionone ring relaxation to accommodate the Nnew pas peen made difficult by the fact that the spectra of the
relationship of these two groups. This relaxation, and hence photointermediates are influenced by a combination of factors
competent BSI formation with respect to progression to Lumi, hich are difficult to resolve. Here we have studied two retinal
may suffer interference by the extra methyl at the position anajogues with modified rings which form Batho intermediates
normally occupied by C5 and the absence of both methyls at yith normal stability. Interpretation of the results was simplified
the position normally occupied by C1. Given that the mesityl by the minimally perturbed kinetics and the presence of all
rhodopsin analogue results suggest a BSI structure with a ring-intermediates which normally appear after rhodopsin photolysis.
chain angle near 90it is possible that the native C5-methyl | the case of 5-demethylisorhodopsin, the observed kinetics
stabilizes BSI and that its absence permits a range of unproduc-y,g plue-shifted pigment spectra suggest that the ring binds in
tive BSI conformations. These ideas remain speculative since gz g-s-trans conformation in that pigment. The mesityl analogue
currently, with the exception of the recent photoaffinity labeling of rhodopsin produced a BSI with an unusually small blue shift
experiments, there are few structural details known about eventsig|ative to that of its parent pigment. The reduced blue shift
following BSI decay, and in the case of a 6-s-trans artificial syggests that either increased ring-chain twist or transient
pigment like 5-demethylisorhodopsin, even those may be of formation of a 6-s-trans conformer contributes to the native BSI

trans chromophore in 5-demethylisorhodopsin makes it difficult 5jjow formation of a 6-s-trans conformer to blue shift its

to conclude which structural features account for the somewhat gpectrum. The relative similarity of the mesityl analogue BSI's
slowed rate of BSI formation and the spectral shifts of the later 3 to that of native BSI suggests a structure having a ring-

Interpretation of these latter properties is complicated by the the structural feature which triggers the protein change leading
question of when the ring reverts to its normal conformation {4 |umirhodopsin.

relative to the chain, which is a distinct possibility at some point.
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Prior to the publication of the X-ray crystal structure of bovine
rhodopsin, a good deal of progress had been made in using
synthetic analogues of retinal to explore the activation mech-
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