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ABSTRACT: Sterical constraints of the 9-methyl-binding pocket of the rhodopsin chromophore are probed
using retinal analogues carrying substituents of increasing size at the 9 position (H, F, Cl, Br, CH3, and
I). The corresponding 11-Z retinals were employed to investigate formation of photosensitive pigment,
and the primary photoproduct was identified by Fourier transform infrared difference spectroscopy. In
addition, any effects of cumulative strain were studied by introduction of the 9-Z configuration and/or the
R-retinal ring structure.Our results show that the 9-F analogue still can escape from the 9-methyl-binding
pocket and that its photochemistry behaves very similar to the 9-demethyl analogue. The 9-Cl and 9-Br
analogues behave very similar to the native 9-methyl pigments, but the 9-I retinal does not fit very well
and shows poor pigment formation. This puts an upper limit on the radial dimension of the 9-methyl
pocket at 0.45-0.50 nm. Introduction of theR-retinal ring constraint in the 11-Z series results in cumulative
strain, because the 9-I and 9-Br derivatives cannot bind to generate a photopigment. The 9-Z configuration
can partially compensate for the additionalR-retinal strain. The corresponding 9-Br analogue does form
a photopigment, and the other derivatives give increased photopigment yields compared to the corresponding
11-Z derivatives. In fact, 9-Z-R-retinal would be an interesting candidate for retinal supplementation studies.
Our data provide direct support for the concept that the 9-methyl group is an important determinant in
ligand anchoring and activation of the protein and in general agree with a three-point interaction model
involving the ring, 9-methyl group, and aldehyde function.

Rhodopsin is the photosensor of the rod photoreceptor cell
in the vertebrate retina and consists of the protein opsin and
a photosensitive ligand (chromophore, 11-Z retinal), linked
via a protonated Schiff base (PSB)1 to Lys296 of opsin.
Photoexcitation of rhodopsin triggers a cascade of discrete,
structurally and spectrally distinct, photointermediates. The
light-dependent reaction, photoisomerization of the chro-
mophore to the all-trans conformation, generates the first
well-characterized photoproduct, bathorhodopsin (Batho).
The subsequent dark reactions involve conformational re-
arrangements in both chromophore and protein to generate
within milliseconds after illumination the active conforma-
tion, metarhodopsin II (Meta-II), which binds and activates
the G-protein transducin (1-3). To date, the most detailed

structural information on the chromophore of rhodopsin has
been obtained by solid-state NMR (ssNMR), resonance
Raman (RR), and Fourier transform infrared (FTIR) spec-
troscopy (4, 5).

Studies with a large panel of retinal analogues have
demonstrated that the opsin-binding site imposes specific
sterical constraints upon the ligand conformation that can
qualitatively explain why all-trans and 13-Z retinal do
not fit into the binding site (6). ssNMR data are indica-
tive of a smooth induced fit of the 11-Z chromophore in the
rhodopsin-binding site, with the ring, 9-methyl group, and
carbonyl group as major guiding elements for proper
positoning (7). Such a three-point interaction model is also
indicated by ssNMR studies on isorhodopsin, an artificial
rhodopsin analogue generated by incorporating another
retinal stereoisomer, 9-Z retinal, into the opsin-binding site.
Here, the data suggest a strained ligand conformation
encountering significant sterical interaction with the protein
along the ring and 9-methyl group. Apparently, while a stable
PSB can be formed, the binding site constraints do not allow
the 9-Z configuration to induce an overall proper fit, a
phenomenon we have dubbed an “induced misfit” (8).

FTIR difference spectroscopy of photointermediates in
combination with site-directed mutagenesis and isotope
labeling demonstrated that the majority of the peaks in the
rhodopsin to Batho difference spectra reflect the isomeriza-
tion of the chromophore, while the subsequent transitions
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present a gradual increase in protein activity (4, 9, 10). The
intense hydrogen out-of-plane (HOOP) vibrations in the
rhodopsin to Batho FTIR difference spectra correlate with
those observed in RR spectra of Batho and are regarded to
reflect twisting around the single bonds in the all-trans
chromophore constrained by steric ligand-protein interac-
tions (5, 11-13). Such torsional strain in the chromophore
has been proposed as a potential mechanism to store part of
the photon energy adsorbed by rhodopsin (5, 14, 15). The
picture emerges that, at the Batho stage, close contacts
between the isomerized ligand and opsin hold the former in
a strained conformation and function as “transfer points” by
which the torsional strain in the polyene chain is mediated
to drive the conformational changes in the protein moiety.
Potential candidates to mediate steric interactions between
opsin and retinal are the protruding retinal side-chain methyl
groups. Single demethyl analogues of rhodopsin (9- or 13-
demethyl) have been examined before and show distinct
effects on rhodopsin functionality (5, 10, 11, 16-21). For
instance, 11-Z 9-demethyl retinal does recombine to form a
photosensitive pigment that however exhibits a strong blue
shift in the main absorbance band (λmax ) 465 nm) compared
to rhodopsin (λmax ) 498 nm) and a reduced potential to
generate the active state Meta-II (21-29).

Here, we investigate the steric constraints of the 9-methyl-
binding pocket of the chromophore-binding site in opsin
using 9-halogeno 11-Z and 9-Z retinal and the corresponding
R-retinal analogues, exploiting the broad size range covered
by the van der Waals radii of halogen subsitutents (F∼ 0.135
nm, Cl ∼ 0.180 nm, Br∼ 0.195 nm, and I∼ 0.215 nm,
compared to H∼ 0.120 nm and CH3 ∼ 0.20 nm) (30).

MATERIALS AND METHODS

Synthesis of Retinal DeriVatiVes.The chemical structure
of the retinal derivatives used in this report is shown in Figure
1. The synthesis of the 9-substituted retinals andR-retinals
was performed via a stereodominant procedure as described
elsewhere (31, 32). The 9-Z and 11-Z isomers were purified
using silicagel column chromatography (eluent 3% diethyl
ether in petroleumether). The purity of the compounds was
verified using1H and13C NMR and mass spectrometry (31,
32) and was always better than 99%. PSBs were prepared
by addition of excessN-butylamine to a retinoid solution in
hexane, evaporation of the solvent, dissolution of the
resulting Schiff base in ca. 10µL of methanol, followed by

immediate addition of 1 mL of an acidified solution of 1%
Triton X-100 (pH 2). Spectra were taken on a Perkin-Elmer
lambda 18 double-beam spectrophotometer.

Generation of Analogue Pigments.Bovine rod outer
segment membranes in the opsin form (opsin membranes)
were prepared from fresh, light-adapted, eyes as described
(33). The regeneration capacity of these preparations was
estimated from theA500/A280 ratio obtained upon subsequent
incubation with a 3-fold excess of 11-Z retinal, whereby a
ratio of 2.0 was taken to represent membranes with maximal
rhodopsin content. Rhodopsin and analogue pigments were
prepared from opsin membranes showing a regeneration
capacity in the range of 90-100%. All manipulations were
done under dim red light (>620 nm, Schott RG620 long-
pass filter). Analogue pigments were generated by incubating
opsin membranes for at least 3 h to overnight at room
temperature with a 3-10-fold molar excess of retinal. Here,
opsin membranes were suspended in buffer A (20 mM Pipes,
130 mM NaCl, 5 mM KCl, 2 mM CaCl2, 0.1 mM EDTA,
and 1 mM dithioerythreitol at pH 6.5), to a final concentra-
tion in opsin of 50µM. The retinals were added in a small
volume of dimethylformamide (e4% final volume), and the
incubation was performed in an inert argon atmosphere.
Extent of pigment formation was assessed after incubation
for 1 h asdescribed below, and if this was<50% of the
control (11-Z or 9-Z retinal), a second aliquot of the retinal
analogue was added. This was repeated until the pigment
formation had leveled. About 10-fold molar excess was used
for the 9-iodo analogues. The level of unreacted opsin was
finally estimated in a small aliquot from the extra amount
of rhodopsin formed upon addition of 11-Z retinal. The total
absorbance equivalent of pigment finally obtained in this
sample (∆A(pigment)atλmax(pigment)+ ∆A498(rhodopsin)) always was
within 10% of the control value, indicating that the molar
absorbance coefficients of the pigments will not deviate
strongly from the control. To remove excess retinal, it was
converted into the corresponding oxime by addition of
hydroxylamine to a final concentration of 10 mM and
subsequently largely (>90%) removed by two extractions
with a 50 mM solution of heptakis (2,6-di-O-methyl)-â-
cyclodextrin (Aldrich), which produces a soluble inclusion
complex with retinals and retinaloximes (34, 35), followed
by washing twice with double-distilled water. To restore the
native lipid/protein ratio, the resulting pigments were then
dissolved in 20 mM nonyl-1-â-glucoside in buffer A and
mixed with 50-fold molar excess of Asolectin (Sigma), a
crude soybean lipid extract containing a mixture of several
lipids. Reconstitution in proteoliposomes was accomplished
by rapid dilution as described before (36). The resulting
pigment membranes were finally washed with double-
distilled water and stored at-80 °C until further use.

In the case of 11-Z 9-iodoretinal, yields of photopigment
were low and required a large excess of retinal, the
photopigment was quite unstable, and extraction with cyclo-
dextrin was not very successful. Hence, we purified the
pigment from excess oxime by ConA-Sepharose affinity
chromatography as described (33) with nonyl-1-â-glucoside
as the detergent. The purified pigment was reconstituted into
retina lipid proteoliposomes by detergent dilution (36).

Spectral Properties of the Analogue Pigments.UV-visible
spectra of pigment membranes suspended in buffer A to a
final concentration of about 1µM of pigment were recorded

FIGURE 1: Chemical structure and numbering of the 9-substituted
retinals used in this study shown as the PSB present in the
corresponding pigments. X) CH3 (methyl), I, Br, Cl, F, H
(demethyl). (A) 11-Z retinal derivatives (rhodopsin analogues). The
corresponding isorhodopsin analogues have a 9-Z and an 11-E
configuration instead. (B) 9-Z R-retinal derivatives (R-isorhodopsin
analogues). The correspondingR-rhodopsin analogues have a 9-E
and an 11-Z configuration instead.
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on a Perkin-Elmer lambda 18 double-beam spectrophotom-
eter equipped with an end-on photomultiplier detector. A
circulating bath was used to control the sample temperature.
The sample was bleached for 3 min (Schott OG470 long-
pass filter for analogue pigments and Schott OG530 long-
pass filter for rhodopsin). The wavelength of maximal
absorbance (λmax) of rhodopsin and the analogue pigments
was determined from the peak position in the difference
spectrum obtained by subtracting the spectrum after il-
lumination from the dark state spectrum, both taken in the
presence of 10 mM hydroxylamine in mixed micellar
solution (20 mM DoM in buffer A).

FTIR Spectroscopy.FTIR analyses were performed on a
Bruker IFS 66/S spectrometer equipped with a liquid nitrogen
cooled, narrow band, HgCdTe (MCT) detector. Spectra were
taken at 2 cm-1 resolution. The sample temperature was
computer-controlled using a variable temperature helium-
cooled cryostat (Heliostat, APD Cryogenics Inc.), which was
evacuated and had a set of NaCl windows in the infrared
light path. For analysis of the first photoproduct, the sample
temperature was kept at 80.0( 0.2 K. Membrane films of
the samples were prepared by isopotential spin-drying 1-2
nmol of pigment on an AgCl window (Crystran Limited,
U.K.), which were then rehydrated with buffer A and sealed
using a second AgCl window and a rubber O-ring spacer as
described (37, 38). Samples were illuminated in the spec-
trometer using a modified (150 W halogen) fiberoptics
ringilluminator (Schott) equipped with a 488( 10 nm
interference filter (Schott) and a set of long-pass filters.
Typically six spectra (1280 scans each, at a 120 s acquisition
time per spectrum) were taken and averaged of the dark-
state receptor and, subsequently, following illumination for
300 s through the interference filter, of the photointermediate
state. Difference spectra were calculated by subtracting these
blocks of spectra. The Batho intermediates could be com-
pletely photoreversed by illuminating the sample for 300 s
with light of 610 nm (Schott RG610 long-pass filter), as
evidenced from the successive difference spectra.

RESULTS

Retinals Used in This Study.The retinal derivatives used
in this study (Figure 1) were primarily designed to probe
the sterical constraints of the 9-methyl-binding niche in the
chromophore-binding site of rodopsin. For this purpose, a
novel range of substituents was introduced at the 9 position
(F, Cl, Br, and I) that with respect to their van der Waals
radius bridge the gap between the 9-H (9-demethyl) deriva-
tive (which yields a functionally defective pigment) and the
native 9-methyl derivative (yielding rhodopsin). Two other
modifications were introduced to test any cumulative effects.
Earlier, we demonstrated that a shift of theZ configuration
from the 11d12 to the 9d10 bond impairs a smooth fit of
the ligand in the binding site, and binding is accompanied
with sterical strain in the ring and the 8-10 segment (8).
Hence, we also prepared 9-Z retinal with the same set of
9-substituents to analyze the corresponding isorhodopsin
analogues. Finally, it was reported that a shift of the ring
double bond from the 5/6 to the 4/5 position (R-retinal)
results in less efficient binding with significant lower kinetics
of pigment formation for both the 11-Z and the 9-Z isomer,
probably because the modified ring cannot make a proper
fit with the ring-binding pocket (39). Consequently, we also

introduced the set of 9-substituents inR-retinal in combina-
tion with the 11-Z as well as the 9-Z configuration.

All retinals were prepared using newly developed stereo-
dominant synthetic schemes that greatly facilitated the
isolation of pure isomers (31, 32). Peak wavelengths of the
aldehydes in hexane and of the corresponding protonated
N-retinylidene butyliminium chloride Schiff bases in 1%
Triton X-100 solution are collected in Table 1 (11-Z isomers),
Table 2 (9-Z isomers), and Table 3 (11-Z and 9-Z R-isomers).
Data are only provided for retinoids that yielded detectable
quantities of photosensitive pigment upon incubation with
bovine opsin.

Rhodopsin Analogues.UV-vis difference spectra of the
family of rhodopsin analogues generated with the 11-Z retinal
derivatives are shown in Figure 2. Such spectra served to
establish the peak wavelength of the obtained pigments. The
retinaloxime derivatives produced upon illumination show
a slight dependence of the peak wavelength on the 9-
substituent. This is not at all reflected in the pigments,
however, which point at differential effects of the protein

Table 1: Spectral Properties of 11-Z-9-Halogeno Retinals and
Corresponding Analogue Pigments

absorbance maximuma

(nm)substituent
(11-Z) aldehyde PSB pigment

opsin shiftb

(cm-1)
pigment

formationc

9-methyl (native) 365 440 498 2650 ≡100
9-iodo 353 414 484 3490 (
9-bromo 363 425 485 2910 +
9-chloro 345 415 485 3480 +
9-fluoro 348 420 466 2350 +
9-H (demethyl) 359 434 466 1580 ++

a The aldehyde was measured in a hexane solution; the protonated
Schiff base, in a 1% Triton X-100 solution (pH 2); and the pigment, in
a 1% DoM solution (pH 6.5). Accuracy is(2 nm. b The opsin shift is
calculated as the energy difference between the main absorbance
maximum of the free protonated retinylidene Schiff base and that of
the corresponding pigment and hence reflects the extent of modulation
of the electronic properties of the ligand by the protein. In view of the
(2 nm accuracy in the peak wavelengths, the error in the opsin shift
is (200 cm-1. c ++, >80% of the pigment generated compared to 11-Z
retinal;+, 50-70%; and(, 20-40%. The molar absorbance coefficient
of the analogue pigments is assumed to be similar to that of rhodopsin
(see Materials and Methods).

Table 2: Spectral Properties of 9-Z-9-Halogeno Retinals and
Corresponding Analogue Pigments

absorbance maximuma

(nm)substituent
(9-Z) aldehyde PSB pigment

opsin shiftb

(cm-1)
pigment

formationc

9-methyl (native) 362 431 485 2580 ++
9-iodo 368 425 482 2780 ≈
9-bromo 352 422 474 2600 +
9-chloro 363 419 474 2770 +
9-fluoro 354 410 465 2880 +
9-H (demethyl) 361 431 465 1700 ++

a The aldehyde was measured in a hexane solution; the protonated
Schiff base, in a 1% Triton X-100 solution (pH 2); and the pigment, in
a 1% DoM solution (pH 6.5). Accuracy is(2 nm. b The opsin shift is
calculated from the protonated SB and pigment data as outlined in the
footnote of Table 1.c ++, >80% of the pigment generated compared
to 9-Z retinal; +, 50-70%; and≈, <20%. The molar absorbance
coefficient of the analogue pigments is assumed to be similar to that
of isorhodopsin (see the Materials and Methods). Pigment formation
with 9-Z retinal (isorhodopsin) is comparable to that of 11-Z retinal
(rhodopsin).
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environment. The latter is even more evident in the opsin
shift (Table 1), which is a measure for the impact of the
protein environment on the electronic energy levels of the
bound ligand. When a ca. 200 cm-1 inaccuracy in the opsin
shift estimation is taken into account, this parameter is
substantially larger in the 9-Cl and 9-I pigments (ca. 3500
cm-1) and much smaller in the 9-demethyl rhodopsin (1580
cm-1) than in rhodopsin itself (2650 cm-1). A different
distribution is apparent with respect to the wavelength of
the peak absorbance. The 9-I, -Br, and -Cl pigments all
exhibit a small 13-14 nm blue shift relative to rhodopsin,
while the 9-F pigment shows the same large blue shift (32
nm) as 9-demethylrhodopsin.

Good to excellent pigment formation is observed for all
11-Z derivatives except 9-iodo. Even a large excess of 9-iodo
11-Z retinal only resulted in 20-25% pigment formation,
and the thermal stability of the pigment proved to be much
lower than that of the other family members. Removal of

excess 9-I retinal by cyclodextrin extraction was inefficient
and resulted in loss of pigment. The 9-I pigment could be
purified more efficiently by lectin-affinity chromatography,
but also then, the low thermal stability gave problems and
the quality of the final preparation was suboptimal, as
indicated by a relatively highA280/Amax ratio of 3 (1.7 for
rhodopsin under comparable conditions).

Isorhodopsin Analogues.The isorhodopsin analogues
generated from the 9-Z retinal derivatives present a pattern
interestingly different from the rhodopsin analogues (Table
2). The opsin shifts now are comparable for most family
members and are in fact similar to that of rhodopsin, except
for the 9-demethyl pigment that again presents a much lower
opsin shift. Similar to their rhodopsin counterparts, the
9-demethyl and 9-F isorhodopsins also exhibit a large blue
shift in the main absorbance band compared to isorhodopsin
(20 nm) but almost no shift compared to the 9-demethyl and
9-F rhodopsins. The 9-Br and 9-Cl isorhodopsins behave
similar to the corresponding rhodopsin derivatives (11 nm
blue shift relative to isorhodopsin), but 9-I isorhodopsin
deviates; it not only exhibits a very small blue shift relative
to isorhodopsin (3 nm) but also relative to 9-I rhodopsin (2
nm).

Pigment formation with the 9-Z derivatives follows the
11-Z pattern: good to excellent except for the 9-I derivative
that even produced less pigment (10-15%) than the corre-
sponding 11-Z derivative (20-25%). Nevertheless, the 9-I
isorhodopsin easily survived extraction of the excess retinal
with cyclodextrin and is probably thermally more stable than
the 9-I rhodopsin.

R-Retinal-Based Analogue Pigments.The additional con-
straint introduced by the different modes of freedom in the
ring of theR-retinals clearly produces cumulative strain when
combined with several larger substituents. Neither the 9-I
and 9-Br 11-Z R-retinals nor the 9-I 9-Z R-retinal generated
detectable amounts of photosensitive pigment. Overall, the
9-Z R-retinals were superior to the 11-Z R-retinals in pigment
formation (Table 3).

The opsin shifts were also measured for allR-retinal-
derived pigments. Now, the 9-methyl, 9-Cl, and 9-F ana-
logues show similar opsin shifts (2120-2480 cm-1) that are
somewhat smaller than for rhodopsin (2650 cm-1). Again,
the opsin shift of the demethyl analogues was substantially
smaller (∼1800 cm-1). The 9-BR, 9-Z derivative exhibits
an unusual large opsin shift (2870 cm-1).

The wavelength of maximal absorbance shows a regular
pattern. All R pigments exhibit a 20-30 nm blue shift
respective to the corresponding normal pigments. Within the
R series, the 9-Z pigments present a small blue shift (8-11
nm) relative to the corresponding 11-Z pigments, except for
the 9-demethyl analogues that are very close. Within the 9-Z
R series as well as the 11-Z R series, a gradual blue shift in
the absorbance band is observed going from the methyl- to
the fluoropigment. This is not paralleled in the corresponding
aldehyde or PSBs.

Photoproduct Formation at 80 K Analyzed by FTIR.
Because the rhodopsin to Batho difference spectra are
dominated by changes in the vibrational state of the retinal
chromophore as a result of isomerization and conformational
strain, we expect that this transition will yield the most
pronounced differences in the FTIR spectra of analogue
pigments. Also, it has been reported that 9-demethyl-

Table 3: Spectral Properties of 11-Z- and 9-Z-9-HalogenoR-retinals
and Corresponding Analogue Pigmentsa

absorbance maximumb

(nm)substituent
(R-retinal) aldehyde PSB pigment

opsin shiftc

(cm-1)
pigment

formationd

9-methyl 11-Z 352 424 469 2260 +
9-chloro 11-Z 346 408 454 2480 (
9-fluoro 11-Z 340 406 448 2310 +
9-H 11-Z 344 413 446 1790 ++
9-methyl 9-Z 348 417 461 2290 ++
9-bromo 9-Z 341 397 448 2870 (
9-chloro 9-Z 343 405 443 2120 (
9-fluoro 9-Z 337 399 437 2180 ++
9-H 9-Z 342 411 444 1810 ++

a The 9-iodo-R-retinals and the 11-Z 9-bromo-R-retinal did not
generate detectable quantities of photosensitive pigment.b The aldehyde
was measured in a hexane solution; the protonated Schiff base, in a
1% Triton X-100 solution (pH 2); and the pigment, in a 1% DoM
solution (pH 6.5). Accuracy is(2 nm. c The opsin shift is calculated
from the protonated SB and pigment data as outlined in the footnote
of Table 1.d ++, >70% of the pigment generated compared to the
control (11-Z retinal); +, 50-70%; and (, 20-40%. The molar
absorbance coefficient of the analogue pigments is assumed to be similar
to that of rhodopsin (see the Materials and Methods).

FIGURE 2: Pigment formation by 11-Z-9-X-retinal analogues
assayed by UV-vis difference spectroscopy. Purified pigments were
dissolved in 20 mM DoM in buffer A, and UV-vis spectra were
taken before (1) and after (2) illumination in the presence of 10
mM hydroxylamine. Shown are the corresponding difference spectra
(1-2), exhibiting the main pigment absorbance band as a positive
peak and the retinaloxime band generated upon illumination as a
negative peak. Note the different spectral shifts of the pigment and
oxime peaks with respect to rhodopsin.
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rhodopsin already shows aberrant photochemical behavior
at temperatures where the Batho product photogenerated from
rhodopsin is still stable (<130 K) (24). Because rhodopsin
and isorhodopsin produce the same Batho intermediate and
the ring of the chromophore is not involved yet in the early
transitions (40, Pistorius et al., unpublished), our FTIR
analysis here focuses on the photoproduct formation of the
9-substituted rhodopsin analogues. The corresponding dif-
ference spectra are presented in Figure 3. Negative peaks
(-) represent vibrational modes in the pigment that undergo
a change upon transition to the photoproduct, while positive
peaks (+) represent characteristic vibrational modes of the
photoproduct. The overall pattern is very similar for the
9-methyl, 9-I, 9-Br, and 9-Cl analogues on one hand and
for the 9-F and 9-demethyl analogues on the other hand.

The native rhodopsin to Batho difference spectrum is
shown at the top of Figure 3. Most of the bands in this
spectrum have been assigned to specific vibrations of the
retinal backbone (CdC and CsC stretch vibrations around
1550 and 1200 cm-1, respectively) and HOOP vibrations,
absorbing below 1000 cm-1 (5, 13, 41, 42). The small yet
very characteristic changes in the amide I region (1700-
1630 cm-1) represent subtle conformational changes in the
protein moiety. The bands at 1558 cm-1 (-) and 1535 cm-1

(+) in the rhodopsin to Batho difference spectrum have been
assigned to the C7dC8 and the C11dC12 stretching modes
(13). Characteristic vibrational modes of the chromophore
are found in the CsC stretch region (1150-1250 cm-1),
appropriately indicated as the “fingerprint region”. Bands at
1244 (+) and 1238 (-) cm-1 (C12sC13 stretch), 1220 (+)

and 1214 (-) cm-1 (C8sC9 stretch), 1210 (+) and 1190 (-)
cm-1 (C14sC15 stretch), and 1166 (+) cm-1 (C10sC11 stretch)
have already been assigned (41) and reflect the 11-Z to all-E
isomerization of the chromophore. In these three regions
(amide I, CdC stretch, and fingerprint), subtle changes are
apparent in the 9-analogue pigments, which will be discussed
below. Most pronounced differences are found in the HOOP
region (1000-700 cm-1). The 969 (-) cm-1 band of
rhodopsin has been assigned to the strongly coupled C11H
and C12H wags (HC11dC12H A2 HOOP), indicative of torsion
in the C10sC13 region (12, 42). The positive vibrational
modes at 921, 875, and the triplet near 850 cm-1 are very
characteristic of Batho and have been shown to contain
contributions of the C14H (848 cm-1), C10H (875 cm-1), and
HC7dC8H Bg (838 cm-1) wags and the (uncoupled) C11H
(921 cm-1) and C12H (858 cm-1) wags (13). The intensity
of these Batho modes reflect strong conformational perturba-
tion of the all-E chromophore structure by constraints of the
protein environment (5). These modes are largely maintained
in the 80 K photoproduct of the 9-I, 9-Br, and 9-Cl analogues
but are completely lacking in that of the 9-F and 9-demethyl
analogues. The logical conclusion is that the former three
analogue pigments initiate a normal photolytic pathway at
80 K to a stable Batho intermediate. This however is not
the case for the 9-F and 9-demethyl pigments, which will
be discussed in more detail below. We investigated whether
a stable Batho intermediate could be generated for the latter
two analogue pigments at lower temperatures, but difference
spectra obtained as low as 10 K were still very similar to
those shown in Figure 3.

DISCUSSION

Probe Selection.Several lines of evidence indicate that
the ring and the 9-methyl group are important chromophore
determinants in opsin-ligand interaction, not only contribut-
ing to proper chromophore anchoring in the active site but
also to subsequent photoactivation of the protein (3, 6, 7,
16, 28, 40). In addition, the 9-Z configuration will put strain
on this anchoring mechanism (8). To probe the sterical
constraints of the 9-methyl-binding pocket and potential
cumulative effects of the presence of the 9-Z configuration
and/or a different ring conformation, the retinoids shown in
Figure 1 were prepared.

Several of the retinal analogues that we include here in
our study have been described and analyzed for pigment
formation before. The results that we present in Tables 1-3
for these compounds (11-Z and 9-Z 9-demethylretinal, 11-Z
and 9-Z 9-methyl R-retinal, and 9-Z 9-F and 9-Br retinal)
agree with earlier reports (22-24, 39, 43-45). We present
fully novel data for all 9-halogeno derivatives and for the
9-demethylR-retinals. The effect of the substituents on the
spectral properties of the retinoids is a complex combination
of electronegative, polarizing, and sterical properties and will
not be discussed here.

Pigment Formation.In estimating pigment formation, we
assumed that the molar absorbance coefficients of all
pigments formed are within 10% of that of rhodopsin, based
on earlier estimates for 9-demethylrhodopsin, 9-demethyl-
isorhodopsin (23, 29), and R-(iso)rhodopsins (39). In an
independent check, we estimated the percentage of unreacted
opsin by subsequent incubation with 11-Z retinal. The total

FIGURE 3: Photoproduct formation from 11-Z-9-X-retinal analogue
pigments at 80 K assayed by FTIR difference spectroscopy. Purified
pigments were deposited as membrane films on an AgCl window
and FTIR spectra were taken at 80 K before (1) and after (2)
illumination. Shown are the corresponding difference spectra (2-
1), where negative peaks reflect vibrational bands of the pigment
that change upon photoproduct formation and positive peaks
represent newly arising vibrational absorbance bands of the
photoproduct. Some characteristic vibrational bands are indicated
to highlight changes in the analogue spectra.
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amount of pigment formed in absorbance units always was
within 10% of that of the control (only 11-Z retinal). In fact,
deviations in individual molar absorbance coefficients up to
25% will not change the general pattern of pigment formation
presented in Tables 1-3.

The phenomenon of only partial pigment formation is quite
common in rhodopsin analogue studies (for a review, see
refs 23, 46, and47) and is often taken as an indication for
binding site fitness. We think that other factors may have to
be taken into consideration as well. Usually, it has not been
assessed whether remaining opsin is still functional (e.g., can
bind its native ligand). We have systematically checked this
for all retinal analogues in this study and, as mentioned
above, in case of partial pigment formation (+, (, and≈),
we always find functional opsin remaining after analogue
pigment formation has leveled and in quantities roughly
equivalent to that expected based on the extent of analogue
pigment production. Hence, despite the excess of analogue
ligand present, the remaining functional opsin does not
generate analogue pigment. This cannot be explained in terms
of binding affinities and dynamic equilibrium distribution,
because then addition of the high-affinity ligand 11-Z retinal
would compete the analogue ligand away, and we do not
observe a loss of analogue pigment. Another explanation
might be envisioned if opsin is organized in functional
oligomers with cooperative behavior (48). In that case,
suboptimal occupation of the active site with a retinal
analogue might lead to cooperative conformational changes
resulting in restricted access in neighboring opsins only
allowing the native ligand to enter. However, this explanation
cannot account for our and others’ observation that in
detergent solution, where oligomer formation does not seem
to occur, only partial analogue pigment formation is also
commonly observed. Recently, evidence for the presence in
opsin of secondary binding sites for retinoids was presented
(49, 50), an entrance site, the first stage on the way to the
active site and only accessible when the active site is not
occupied, and an exit site, only accessible from the active
site after photoisomerization of the chromophore. The
transition of the ligand from the entrance site to the active
site would be rate-determining for pigment formation. Such
a mechanism might explain partial pigment formation if an
analogue ligand would become “stuck” in the entrance site
to block access to the active site, and this block can only be
relieved by a high-affinity ligand. A possible mechanism
would be, considering that the entrance site may accom-
modate two retinoids (50), that in case of retinal analogues,
which transfer only slowly to the active site, occupation of
the entrance site with two analogue compounds may induce
a slow conformational alteration in the entrance site, blocking
access to the active site. Because the retinals in the entrance
site are still in dynamic equilibrium with “bulk retinal”, a
high-affinity ligand, even added at equimolar quantity, will
eventually compete the analogues away from the entrance
site, reverse the inhibitory change, and be allowed access to
the active site again. From this point of view, the extent of
pigment formation will depend on several factors: the
transfer rate of the ligand from the entrance site to the active
site, the affinity of the ligand for the entrance site, and the
rate with which double occupation of the entrance site will
trigger the change to a nonaccess conformation. Because only
the transfer rate will depend on the fit of the ligand within

the active site, pigment formation will only reflect the latter
parameter at low excess of analogue ligand where double
occupancy of the entrance site is unlikely. To verify this
hypothesis, detailed kinetic studies need to be performed.

It can be argued that the opsin shift is also a measure for
the active-site fit of the ligand, because only an optimal fit
will fully profit from the inductive effect of the protein
environment. On the other hand, it should be taken into
account that the opsin shift is a complex combination of the
electronic properties of the ligand and the inductive potential
of the protein. Our data, comprising a large group of closely
related ligands, show some general trends. The opsin shifts
of the four demethyl pigments measured are comparable and
much smaller than that of all other pigments. In the remaining
population, the 11-Z pigments (rhodopsins) generally exhibit
a larger opsin shift than the 9-Z pigments (isorhodopsins),
while the 11-Z R-retinal pigments (R-rhodopsins) exhibit the
smallest opsin shift. Furthermore, in the subpopulations, the
opsin shift is quite similar within the isorhodopsins and
within the R-rhodopsins, but within the rhodopsins, the 9-I
and 9-Cl analogues present unusually large opsin shifts. This
is partly due to the relatively blue-shifted absorbance maxima
of the corresponding PSBs. In the relatively unperturbed 9-Z
configuration, the 9-substituted derivatives show a gradual
blue shift in PSB absorbance going from 9-methyl to 9-F.
This is most easily explained by stabilization of the ground
state under the pertaining conditions through further delo-
calization of the positive charge under influence of the
electronegative potential of the substituents that increases
in the direction of CH3 f F. The remarkable behavior of
the 9-I and 9-Cl PSBs in the 11-Z series therefore may reflect
preferential stabilization of a different conformation. For
instance, free 11-Z retinal exists in a dynamic equilibrium
of the 12-s-Z and 12-s-E conformation, while the active site
of opsin only allows the 12-s-E shape.

The overall picture arising from the data in Tables 1-3 is
that the 11-Z configuration allows a better fit in the active
site of opsin for the normal retinal derivatives (â-retinals),
while the opposite is true for theR-retinals. In addition, there
is a cumulative effect of steric hindrance at the ring and
9-methyl sites on the potential of a retinoid to fit within the
active site.

Initial Photoproduct.It is obvious from Figure 3 that the
effect of 9 substitution on most CsC stretch vibrations
(1250-1150 cm-1 region) is negligible except for the C8s
C9 vibration (1214 (-) and 1220 (+) cm-1 in rhodopsin and
Batho, respectively), where the extra mass of the 9-substitu-
ent results in an increasing reduction in frequency going from
9-demethyl to 9-iodo. Clear effects are also observed for the
CdC vibrational modes of the photoproducts (1535 (+) cm-1

in Batho). Here, a downshift of the vibrational frequency
also reflects a more delocalized electronic structure of the
polyene chain.

The overall pattern of the difference spectra in Figure 3,
in combination with the presence of characteristic Batho
HOOP modes only in the 9-Cl, 9-Br, and 9-I analogues,
demonstrates that the latter pigments follow the normal
pattern and upon photoactivation generate a Batho intermedi-
ate, which is stable at 80 K. Some of the HOOP modes are
affected by 9 substitution. The C10 wag (875 (+) cm-1 in
Batho) is not visible in the analogues and is probably strongly
shifted down in frequency. In the 9-I Batho intermediate even
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the C11 wag (921 (+) cm-1 in Batho) is somewhat down-
shifted. The intensity of the HOOP modes in the 9-I Batho
is significantly reduced, which may indicate a somewhat less
strained conformation of the all-E 9-I chromophore. The
amide I peaks (1700-1600 cm-1 region) are more intense
in the 9-Cl and 9-Br pigments compared to rhodopsin, in
particularly, the 1655 cm-1 mode, which is typical for
R-helical structure. It suggests that Batho formation in these
two analogue pigments is accompanied with slightly more
extended stretching of anR-helical segment. In the 9-I
pigment, another pattern is apparent, where anR-helical
segment seems to convert into a less well-orderedR-helical
structure in the Batho intermediate.

The lack of Batho formation in the 9-demethyl and 9-F
pigments is not due to a lower thermal stability, because also
at 10 K, no trace of Batho HOOP modes is observed. Rather,
as reported before for the 9-demethyl pigment (24), the
spectra of these photoproducts resemble that of the next
intermediate lumirhodopsin (Lumi), which normally is only
observed at a temperature over 130 K (not shown). Appar-
ently, the volume of a fluoro substituent does not suffice to
constrain the protein in a Batho-like conformation.

ActiVe-Site Constraints.With respect to active-site con-
straints, two global observations are important: first, the
9-halogeno derivatives within one family show a similar
pattern (opsin shift at least comparable to the 9-methyl
pigments, with pigment formation less than 70%), while the
9-demethyl derivatives consistently deviate (significantly
smaller opsin shifts, with pigment formation> 80%); second,
while the 9-Z R-retinals are more successful in pigment
formation than the corresponding 11-Z R-retinals, both 9-I
derivatives fail to generate a photopigment. We offer the
following concept for explanation: all 9-halogeno substit-
uents position into the 9-methyl-binding pocket in the ground
state of the pigment. This would explain the large opsin shifts
(optimal position for modulation by the protein) and sub-
optimal pigment formation (correct positioning of the elec-
tronegative substituent slows down active-site occupation).
Upon photoisomerization, the 9-I, 9-Br, and 9-Cl substituents
are able to constrain the protein in a Batho-like conformation
in a way similar to that of the methyl group, at the same
time trapping the chromophore in a torsionally strained all-E
conformation. This most likely involves the 9-methyl-binding
pocket. However, the 9-F substituent is too small to stabilize
this sterically highly constrained active-site structure. It can
escape from the 9-methyl-binding pocket and then follows
a pathway similar to the 9-demethyl pigment. The much
smaller opsin shift, rapid rate, and high extent of pigment
formation of the 9-demethyl analogues is consistent with
rapid occupation of the active site with suboptimal position-
ing for modulation by the protein environment.

The global pattern obtained with the 9-I derivatives
indicates that the iodo substituent can hardly be fitted into
the 9-methyl-binding pocket. This would explain the low
pigment yield and low pigment stability in the 11-Z config-
uration and the even lower pigment yield in combination
with other sterical constraints (9-Z configuration and/or
R-retinal ring). This would put an upper limit on the radial
restriction of this pocket in the order of 0.45-0.50 nm. This
is remarkably well in line with the latest crystal structure
(51), which puts the 9-methyl group radially surrounded by
5 side chains with the OH of Tyr268, C2 of Thr118, one H

of Gly188, the S of Met207, and C3 and C4 of Ile189, all at
a center-center distance between 0.4 and 0.5 nm. Longitu-
dinally, this pocket seems to be less restricted, because
elongated flexible-rod-shaped substituents at the 9-position
(ethyl,n-propyl, andn-butyl) can still be accommodated (47).
The radial restriction can explain why more bulky less
flexible substituents such as the phenyl or isopropyl group
are not or hardly able to generate a photopigment (47, Wang
et al., unpublished).

Our results provide support for a more strained chro-
mophore in the 9-Z configuration with strong sterical contacts
at the 9-methyl site (8). This is in line with our observation
that combining the sterically controversial 9-iodo substituent
with the 9-Z configuration leads to an even slower rate and
lower extent of pigment formation than in the 11-Z config-
uration. A combination with another sterical constraint, the
R ring, shows cumulative effects as well. The 9-I and 9-Br
11-Z R-retinals are not able to generate a photopigment, while
the other 9-substituted 11-Z R-retinals are considerably less
effective in photopigment formation than the corresponding
normal retinals. Strikingly, in theR-retinal series, the 9-Z
derivatives perform markedly better than the 11-Z derivatives.
Apparently, the poor fit in the active site of 11-Z retinals
with both a large substituent at the 9 position and a modified
ring structure can be improved by changing into a 9-Z
configuration. This would make 9-Z R-retinals interesting
alternatives for retinal supplementation studies, for instance
in retina degenerative diseases (52, 53), because they can
be chemically and metabolically distinguished from endog-
enous retinals and their photopigments are easily recognized
because of the large blue shift in absorbance maximum.

Collectively our data emphasize the finely tuned contribu-
tion of ring and 9 substituent in recognition and correct
positioning of the ligand in rhodopsin. This complements
ssNMR studies indicating highly specific constraints for the
ring and 9-methyl group in the active site (7, 8, 40, 54).
Ligand binding in opsin apparently follows an induced-fit
three-point interaction model, with the ring, 9-methyl group,
and aldehyde group as the determining selection elements.

CONCLUSIONS AND PROSPECTS

Together with previous studies on rhodopsins containing
a 9-demethyl 11-Z-retinal analogue, this work provides a
consistent picture on the conformational freedom of retinal
in the active site of opsin. As reported before (24), the
9-demethyl pigment exhibits a fully disturbed photocascade,
in which a clear Batho intermediate cannot be detected. Our
results show that the 9-F analogue can still escape from the
9-methyl-binding pocket and its photochemistry behaves very
similar to the 9-demethyl analogue, while the 9-I retinal does
not fit very well and combines low affinity for opsin with a
low thermal stability of the corresponding pigment. This puts
an upper limit on the radial dimension of the 9-methyl pocket
of 0.45-0.50 nm. The 9-Cl and 9-Br analogues may induce
subtle structural differences in the Batho intermediate but
overall behave very similar to the native 9-methyl pigments.
Our data support the three-point interaction model and further
emphasize the importance of finely tuned ligand-protein
interactions in ligand selection and photoactivation of
rhodopsin.

The 9-methyl group seems to be an important factor for
the correct positioning of the retinal in the active site of opsin.
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Moreover, the 9-methyl group seems to provide the necessary
fixation of parts of the chromophore, which upon photo-
isomerization, constrain the protein in the Batho conforma-
tion and give rise to the torsional strain in the chromophore.
This clearly deviates from the situation in cone pigments,
where the 9-methyl group appears to have a less prominent
function (55).

Two constraining elements can apparently mutually com-
pensate. The 9-Z R-retinals are much superior to the
corresponding 11-Z derivatives in pigment formation, and
9-Z 9-methyl R-retinal would actually be an interesting
candidate for retinal supplementation studies.

The current picture is that the photon energy is stored as
torsional strain in the chromophore at the Batho stage (4, 5,
13, 56) and that the energy released upon relaxation of the
strain is used to drive the protein conformational changes in
the photocascade dark reaction. This is consistent with our
observation that as long as the HOOP signals prevail, only
very small changes in the amide I region are observed in
the FTIR difference spectra of the primary photoproduct.

On the basis of their primary photoproduct, our prognosis
is that 9-F rhodopsin will perform poorly in Meta II
formation and activation of the G protein transducin at
physiological pH, similar to 9-demethylrhodopsin (24-29),
and that the other 9-halogeno pigments will have activities
similar to rhodopsin. However, considering the varying
electronegative potentials of these substituents, effects on
the pKa of the Schiff base and consequently on that of the
Meta I T Meta II equilibrium and on Meta III formation
can be expected, and possibly on the pH profile of transducin
activation as well. Such studies are in progress.
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