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ABSTRACT:. Rhodopsin is the photosensitive protein of the rod photoreceptor in the vertebrate retina and
is a paradigm for the superfamily of G-protein-coupled receptors (GPCRs). Natural rhodopsin contains
an lleisretinylidene chromophore. We have prepared the&sSanalogue isorhodopsin in a natural
membrane environment using uniformi§C-enriched Sis retinal. Subsequently, we have determined
the complete!H and'3C assignments with ultra-high field solid-state magic angle spinning NMR. The
9-cis substrate conforms to the opsin binding pocket in isorhodopsin in a manner very similar to that of
the 11¢is form in rhodopsin, but the NMR data reveal an improper fit of thei®ehromophore in this
binding site. We introduce the term “induced misfit” to describe this event. Downfield proton NMR ligation
shifts (Aaig" > 1 ppm) are observed for the 16,17,19-H and nearby protons of the ionone ring and for the
9-methyl protons. They provide converging evidence for global, nonspecific steric interactions between
the chromophore and protein, and contrast with the specific interactions over the entire ionone ring and
its substituents detected for rhodopsin. The;,© pattern of the polyene chain confirms the positive
charge delocalization in the polyene associated with the protonation of the Schiff base nitrogen. In line
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with the misalignment of the ionone ring, an additional and anomalous perturbation HCthesponse

is detected in the region of the@s bond. This provides evidence for strain in the isomerization region
of the polyene and supports the hypothesis that perturbation of the conjugation arocisdbtmel induced

by the protein environment assists the selective photoisomerization.

The rhodopsin visual pigment initiates visual transduction
in the mammalian rod photoreceptor cell. In addition,

(2—4). Absorption of a photon by the chromophore leads to
an ultrafast €200 fs) isomerization of the CHC12 bond

rhodopsin serves as a paradigm for the large and diversefrom the 11leisto the alltrans configuration (Figure 1)5,

family of seven transmembrane helix G-protein-coupled
receptors (GPCR5}hat mediate the transduction of signals

6). The photoisomerization in rhodopsin proceeds with a
guantum yieldD of 0.67. This means that two of every three

from the extracellular environment across the membrane tophotons absorbed are effective in activating the ligand and

the interior of the cell ). In rhodopsin, 1llcisretinal is
covalently bound to the protein via a protonated Schiff
base (pSB) linkage to theamino group of Lys296 to form
the 1leisretinylidene chromophore with &nax 0of 498 nm

*To whom correspondence should be addressed. E-mail:
h.groot@chem.leidenuniv.nl. Fax:+31-71-5274603. Telephone:
+31-71-5274539.

* Leiden University.

§ University of Nijmegen.

1 Abbreviations: GPCR, G-protein-coupled receptor; SB, Schiff base;
pSB, protonated Schiff baséma, wavelength of maximum visible
absorptionymax frequency of maximum visible absorptiol; quantum
yield; MAS NMR, magic angle spinning nuclear magnetic resonance;
CDCl;, deuterated chloroform; TMS, tetramethylsilane; RFDR, radio

frequency-driven dipolar recoupling; HetCor, heteronuclear correlation;

PMLG, phase-modulated Le&oldburg; CP, cross polarization; TPPM,
two-pulse phase modulationyig", isotropic proton shift of the
chromophorep;¢©, isotropic carbon shift of the chromophorgssg”,
isotropic proton shift of the pSB model compoungse®, isotropic
carbon shift of the pSB model compouna;,™, isotropic proton shift
of the phospholipidsgii,©, isotropic carbon shift of the phospholipids;
AoiigH, proton NMR ligation shift;Aoiig, carbon NMR ligation shift;
AdigH, normalized proton NMR ligation shift\diq®, normalized carbon
NMR ligation shift; Ac*®, sum of theAoiix© values of the’*C of the
polyene chain.

10.1021/bi048541e CCC: $27.50

triggering the visual signal transduction cascade that leads
to a nerve pulse in the central nervous syst&my).

Althoughin zivo only the 11eis configuration of retinal
has been detected in visual pigments, other retinal stereo-
isomers are also able to generate stable photosensitive pig-
ments upon incubation with the opsin apoprotei@)( In
particular, administration of 8is-retinal can be an effective
prophylaxis in transgenic mice suffering from photoreceptor
degeneration due to a defect in tik-retinal synthesis1(1,
12). The 9¢isisomer can form a pSB with Lys296 in opsin,
to form a pigment with @na of 485 nm, and act as an
inverse agonist that suppresses the activity of the GPCR.
The 9<¢is isorhodopsin analogue photoisomerizes wit a
of 0.22 into the agonist form, which is the same batho-
rhodopsin allE intermediate as for the rhodopsin specigs (
13—15). This implies very similar shapes of the binding
pockets accommodating the two different chromophore
configurations. In contrast, the differehtax values, binding
energies, and activation efficiencies suggest a different pat-
tern of protein-ligand interactions for isorhodopsin versus
rhodopsin.

© 2004 American Chemical Society
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Ficure 1: Bleaching scheme with the corresponding quantum yi@ld formation time, andax values of the visual pigments of rhodopsin

and isorhodopsin. Even though the pigments have a different ground-state configuration, upon photoexcitation both generate the bathorhodopsin

primary photointermediatesy.

Recently, a complete proton and carbon assignment of thein dry acetonitrile and irradiated for 20 h at room temperature

uniformly *C-labeled 1leis chromophore bound in the

with an incandescent lamp, yielding a photostationary

active site of rhodopsin was obtained using two-dimensional mixture ofcisisomers. %is-Retinal was separated from the

(2D) homonuclearfC—3C) and heteronucleafH—'3C)
MAS NMR correlation spectroscopyt§). The data revealed
significant and highly localized nonbonding interactions
between specific methyl groups of the ring moiety and the
surrounding protein residues. In additiafgig" and Agiig©

for the polyene chain provided evidence for a nonplanar

mixture with HPLC @0). The integrity and purity of the
uniformly *3C-labeled Seis-retinal were verified with 600
MHz *H NMR (CDCl;) and 150 MHz'H noise-decoupled

3C NMR (CDCBk) (21). To prepare isorhodopsin samples,
rod outer segment membranes containing opsin were isolated
from approximately 40 fresh cattle ey&®). All subsequent

conformation around the 12-s bond due to steric hindrance manipulations were carried out in the dark or in dim red

involving methyl group C20. The NMR shift data reveal
accumulation of positive charge in this regidtv). In line
with these results, double-quantutiC NMR provides
convincing evidence for perturbations of the polyene double
and single bonds in the vicinity of the isomerization site due
to interactions of the ligand with polar residues, leading to

light filtered to al of >620 nm with a long-pass Schott
RG620 filter. The opsin was reconstituted with a 2-fold
excess of the uniforml§fC-labeled Sis-retinal. The sample
was washed with cyclodextrin to extract the remaining free
retinal 23). The efficiency of regeneration was determined
using the same spectroscopic procedure that is generally

the postulation that some strain in the polyene assists theapplied for rhodopsin24). The calculated\;sd/Asgs ratio of

rapid selective photoisomerization of the dis-bond (8).
To study the proteirtligand interactions on the chro-

mophore in isorhodopsin, uniformiyC-labeled Seis-retinal

is reconstituted into native bovine opsin. A complteand

1.9+ 0.1 corresponds with an efficiency of regeneration of
more than 95%. An isorhodopsin sample (15 mg) containing
the uniformly3C-labeled chromophore (Oi4nol, 0.25 cr)
was concentrated by centrifugation and loaded a# mm

13C NMR assignment is obtained, and details of the electronic zirconium oxide rotor that was sealed with a Kel-F cap.

and spatial structure are resolved. In particulsd;g" and
AGig© reveal significant global proteirligand interactions
that are distinctly different from the specific interactions
found previously for rhodopsin. In this way, the NMR data
provide converging evidence for an “induced misfit” of the
9-cis-retinylidene chromophore of isorhodopsin, which con-
trasts with the precise fit observed for the chromophore of
rhodopsin 16). Finally, the isorhodopsin data support the
hypothesis that strain in the polyene around tiebond
assists the photoisomerizatioh§].

MATERIALS AND METHODS

Uniformly 13C-labeled alltransretinal was prepared via
total organic synthesis from commercially available 99%
enriched starting materiald9). The material was dissolved

NMR spectra were recorded with a Bruker DSX-750
spectrometer (Bruker, Karlsruhe, Germany) equipped with
a 4 mm triple-resonance probe, and operating & dre-
guency of 750 MHz. In earlier NMR studies, it was dem-
onstrated that the application of a radio frequency of 750
MHz significantly contributes to improving the resolution
of both one-dimensional (1D) and 2D spectra compared to
instruments that operate at lower radio frequen@&sZ6).

In addition, due to the high-field frequency, clear nearest
neighbor correlation signals are recorded in a relatively short
period of time. In approximately 14 h, one RFDR spectrum

was recorded; a similar experiment at a radio frequency of
400 MHz takes approximately 48 h.

All NMR experiments were performed at 223 K with a
MAS frequency of 12 00@& 5 Hz. The RFDR spectra were
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acquired at a radio frequency of 188.64 MHz. TPPM was T pie 1: iH andC Assignments of @is-Retinal (ret),

applied in all experiments to decouple protonstinthe N-(9-cis-Retinylidene)a-butylimine (SB), and

RFDR mixing time, and during the acquisition tini&7( 28). N-(9-cis-Retinylidene)n-butyliminium Trifluoroacetate (pSB)
The 90 proton pulse was set to 45, 1°C B, fields of 50 oelt o€ oss?  0s  Opsd’ O
kHz were used during the ramped CP sequence, and a 100position  (ppm)  (ppm) (ppm) (ppm)  (ppm)  (ppm)
to 50% ramp was applied on the proton channel. Rotor-

¢ - ) 1 X 34.1 X 34.2 X 34.3
synchronized pulses with a length of 25 were used during 2 1.48 39.7 151 395 143 39.5
the RFDR mixing timer, of 1.78 ms 29). In the t, 3 1.59 193  1.64 192 157 19.1
dimension, 2K data points with a sweep with of 50 kHz were g )2('02 1333'2 5'07 12393'72 XZ'OO 13?360
recorded. Zero-filling to 4K and an exponential line broaden- ¢ X 1381  x 1367 137.9
ing of 25 Hz were applied prior to Fourier transformation. 7 6.31 1311 6.26 1294  6.38 1327

The 2D HetCor spectra were obtained with PMLG 8 6.64 1294 668 1297 6.62 1289
decoupling during thé period and a, of 100us (30—32). 9 X 1400 x 1381 X 145.5
e ; . 10 6.06 1279 6.09 1285 6.11  128.0
In addition, the spectra were recorded with 1024 data points 13 720 1312 695 1266 737 1373
in t, and zero-filled to 2048 points. A LorentfGauss 12 6.27 1338 632 1353 6.39 1336
window with the maximum at 0.1 of the acquisition time 13 X 1543 X 1439  x 164.2
and a broadening of 100 Hz was applied prior to Fourier 14 2.94 1289 622 1293 656 1195
transformation. In thé, dimension, 64 points were recorded 15 1007 1906 832 1593 820 1633
] SR » 04 P ! v 16/17 1.05 290  1.07 290 0.98 29.0
which were zero-filled to 256 points, and a sine-square 18 1.75 21.8  1.78 21.8  1.69 21.8
apodization was used. 19 2.00 20.9 2.01 20.8 2.01 21.2
H and 1°C shifts are relative to TMS, and are calibrated 20 230 13z 210 131 229 140
ina thetH and3C si Is f the ph holipids that X X 3.51 61.8 3.60 52.4
using the'H and*°C signals from the phospholipids that are X X 164 331 167 310
present in the isorhodopsin sampl@3,(34). The natural 3 X X 1.38 205  1.32 19.4
abundance ethylenic carbons of the phospholipid acyl chain 4 X X 0.95 139 088 13.3

that resonate with &;,© of 128.7 ppm are well-resolved in aThe data were collected in CDCht room temperature using a
the 1D CP/MAS and 2D RFDR spectrum, while in the 2D Bruker 300 MHz DPX spectrometer. Shifts are reported in parts per
1H—13C HetCor spectrum of isorhodopsin, the methylenic Million relative to TMS.

phospholipid *tH—*3C correlations with ac;;,© of 28.7 _ . .

ppm are easily distinguished from the chromophore sig- 0 the relations\gig" = Aaig"/15 andAdig® = Aoig®/200.
nals. This calibration method was recently validated in the The normalization facilitates comparison of the proton and
study of rhodopsin ¥6). In the 2D HetCor spectrum, the Ccarbon NMR ligation shiftsAsiy andAdig are subsequently
correlations involving the acyllic and methylenic protons are {ranslated in the @is-retinylidene chromophore, which is
also resolved. The lipid methylenic proton resonance is OPtained using the structure of the gis-retinylidene chro-
assigned to a," of 2.7 ppm, while ao," of 5.3 ppm is mophore of the X-ray structure of rhodopsB6(37). After
attributed to the acyllic response. These two proton reso- & Shift of thecis bond from 11eisto 9<is, in which all other -
nances were used to calculate a LG scaling factor of 0.59,SPatial elements remained unaffected, the semiempirical

which is well in line with the theoretical value of {8 calculation method MOPAC was used for the calculation
[=0.577 B1)]. of the minimal energy of a 8is model using the CS

9-cis-Retinylidene model compounds were prepared and €heém3D Pro software package from CambridgeSoft. This
manipulated at temperatures below© in dim red lignt. ~ Model is used for the visualization oy and Adig in
Two equivalents of butylamine and@s-etinal were dis-  Figure 3.

solved in anhydrous diethyl ethe85). The solution was kept RESULTS
overnight at—20 °C over 4 A molecular sieves and stirred.

TheN-(9-cis-retinylidene)butylimine SB was obtained after The 1D CP/MAS response of isorhodopsin reconstituted
evaporation of the excess of butylamine and diethyl ether. with the uniformly*3C-labeled Seis-retinal is shown above
The pSB was formed by the addition of 2 equiv of the 2D homonucleaff{C—*3C) and heteronucleat—C)
trifluoroacetic acid in water to a solution of the SB in diethyl correlation spectra in Figure 2. The broad signahdi75

ether at—20°C. Evaporation of the solvent yielded thie(9- ppm is derived from the natural abundan&€ in the
cis-retinylidene)butyliminium trifluoroacetate as a dark- carbonyl moieties of the peptide bonds and the lipid esters.
colored solid. The NMR data of the synthesizecti§- These have relatively weak spinning sidebands around 102
retinylidene compounds are summarized in Table 1. ppm. The two resonances;{¢ = 169.6 ppm and;;¢ =

To calculateAaig and Aoiig© of the 9<is-retinylidene 166.9 ppm) are from the two vinyli€’C positions in the
chromophore in isorhodopsin, thel and'°C assignments  polyene that are shifted downfield due to high positive atomic
of the prepared pSB model compouhH(9-cis-retinylidene)- charge densities16). The other vinylic13C resonances
butyliminium trifluoroacetate, are used. Wity representing  resonate with shifts between 110 and 150 ppm. In this region,
the chemical shifts of the Bis-retinylidene chromophore in  the natural abundance response of the unsatuté@eof the
the active site andysg the shifts of a &is-retinylidene pSB phospholipid acyl chain is also observed, withygt of 128.7
model compound in solution, the NMR ligation shifts are ppm. In the aliphatic region of the 1D spectrum, between
calculated from the relatiom\oig = oig — 0pss (16). 50 and 10 ppm, the methyl groups attached to the chro-
Normalization of theAagjgH and Aci,© is performed to  mophore and the methylene carbon nuclei of the ionone
compensate for the large difference in the proton and carbonmoiety are clearly observable, superimposed on the natural
chemical shift scale. The scaling is accomplished according abundancé3C responses from the protein. For instance, the
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FiIGURE 2: Contour regions of the 2D homonucle&G—13C) and 2D heteronucleat{—13C) dipolar correlation spectrum of isorhodopsin
containing a uniformly*3C-labeled chromophore, collected with a spinning frequen¢gz of 12 000+ 4 Hz. The regions shown in the

top left (C*CY) and middle right panels ((C*) display correlations between vinylic and aliphatic carbon nuclei. Correlations between
vinylic carbons are shown in the middle left paneV@), while couplings between aliphatic carbon nuclei are revealed in the top right
panel (C'CA). In the bottom panels, the correlations between vinyli¢HiCand aliphatic (8H) carbon nuclei and the attached protons are
shown. Lines connecting the cross-peaks and diagonal peaks illustrate how they contribute to a correlation network. Nearest neighbor
correlations are indicated with regular numbers, whereas italic numbers mark relayed transfer correlations.

shoulders on the signals withag,© of 20.5 ppm and a;¢© the backbone of the Bis-retinylidene chromophore, while
of 14.5 ppm are derived from side chains of aliphatic amino the dashed lines depict the correlations between the backbone
acids in isorhodopsin. and the directly attached methyl groups. In addition to nearest

The incorporation of a uniformi#C-labeled chromophore  neighbor correlations, relayed cross-peaks are also detected,
enables the assignment of the NMR responses in a correlatiorwhich are indicated with italic numbers. In particular, the
spectroscopy experiment using broad band dipolar recou-saturated carbon nuclei of the chromophore show relatively
pling. In Figure 2, the relevant contour regions of the 2D strong relayed correlations with the nearby vinylic carbons.
homonuclear C—*C) and heteronucleatj—*3C) cor- From the analysis of the 2D RFDR spectrum, the complete
relation spectra of the 6is chromophore in isorhodopsin  13C assignment of the chromophore of isorhodopsin is
are shown. The signals on the diagonal in the RFDR obtained (Table 2). They,© values for the nuclei of the
spectrum correspond with the 1D NMR response of'fie polyene chain are generally in line with the assignments of
nuclei shown at the top of Figure 2. The pairs of regular Smith et al., within the experimental error of 1.2 ppm (Table
numbers indicate nearest neighbor correlation signals. The2) (38). The assignments of C7 and C19 (Table 2) are revised
solid lines depict the correlation network f6C;—%Cys in on the basis of the correlation data in Figure 2.
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Table 2: Completé3C Assignmenioy© of the 9<€is-Retinylidene
Chromophore of Isorhodopsin Compared wiifae© for
N-(9-cis-Retinylidene)n-butyliminium Trifluoroacetate in Solution
To Obtain the NMR Ligation ShiftAgiig©?2

Ullgc UpSBC AO'Ilgc Ullg,AmmonyfoOCb AUllg,rhodopsmcc
position (ppm) (ppm) (ppm) (ppm) (ppm)
1 344 34.3 0.1 X —-0.1
2 40.7 39.5 1.2 X 1.4
3 20.5 19.1 1.4 X 1.5
4 34.0 33.0 1.0 X 1.0
5 1314 1316 -0.2 130.5 —-1.2
6 138.2 1379 0.3 137.0 —-0.2
7 135.8 132.7 3.1 128.2 0.5
8 131.1 128.9 2.2 131.1 1.9
9 148.0 1455 2.5 147.5 1.2
10 131.3 128.0 3.3 130.8 1.5
11 140.5 137.3 3.2 139.3 2.7
12 134.1 133.6 0.5 133.9 35
13 169.6 164.2 5.4 169.2 2.5
14 119.1 1195 -04 119.0 1.8
15 166.9 163.3 3.6 166.5 2.5
16 30.6 29.0 1.7 X 1.7
17 26.2 29.0 —2.8 X —-2.8
18 23.1 21.8 1.3 X -04
19 26.6 21.2 54 19.8 1.8
20 14.5 14.0 0.5 13.6 —-2.5

aThe 1°C shifts of the polyene chain are also compared with the

shifts collected in a stepwise approach using isorhodopsins that were

solubilized in detergent (Ammonyx-LO3®). P Data from ref38. ¢ Data
from ref 16.

Table 3: CompletéH Assignmentgig"
Chromophore in Isorhodopsin

of the 9¢is-Retinylidene

oiigh Opss’ Ao A0iig rhodopsitt
position (ppm) (Ppm) (ppm) (ppm)
2 2.4 1.43 1.0 -0.5
3 2.6 1.57 1.0 0
4 2.3 2.00 0.3 -1.1
7 6.2 6.38 —-0.2 —-0.2
8 6.3 6.62 -0.3 —-0.2
10 6.1 6.11 0 —0.6
11 6.6 7.37 -0.7 0.1
12 6.5 6.39 0.1 0.9
14 6.3 6.56 -0.3 0.3
15 7.3 8.20 —-0.9 -1.1
16 2.2 0.98 1.2 —-0.3
17 2.1 0.98 1.1 -0.5
18 2.2 1.69 0.5 -1.2
19 3.3 2.01 1.3 0.1
20 2.6 2.29 0.3 -0.9

@The data are compared withysg™ for N-(9-cis-retinylidene)n-
butyliminium trifluoroacetate in solution to obtain the NMR ligation
shift, AoigH. ® Data from ref16.

Finally, the 3C assignment can be exploited for an
assignment of the proton resonances of tles9etinylidene

Biochemistry, Vol. 43, No. 51, 2004.6015

FiGURE 3: Visual presentation of (A) thAgi,© and Aoiig™ NMR
ligation shifts shown in Tables 2 and 3 and (B) normaliz€i,©
andAdgig™. The blue and red colors reflect the upfield and downfield
Aaig, respectively 16).

13C-labeled ligands bound to their membrane receptor target
(16, 17, 39). The Aai¢© values provide detailed information
about the electronic structure of the ligand in rhodopsin and
confirm the excess of positive charge in the polyene origi-
nating from the pSB, yielding a polaronic conjugation defect
close to the nitrogen of the pSBY, 40—43). It was verified
that binding of the ligand to the protein results in a chiral
selection by fixation of the ring puckerind.§, 44). This
leads to equatorial and axial positions for the C16 and C17
methyl groups, respectively. In addition, the;,™ can be
used to obtain information about nonbonding interactions
between the ligand and the proteir6). For instance, consid-
erable upfieldAoig" values were observed for the protons
of the methyl groups that are attached to the ionone ring of
the chromophore of rhodopsin. These effects were attributed
to ring current effects from nearby aromatic amino acids.
In Figure 3A, Aoig" and Aoi,© for the 9cis-retinylidene
chromophore of isorhodopsin are visualized, whi&;q"

chromophore. In the two bottom panels of Figure 2, the and Ag;,C are shown in Figure 3B16). Like our previous

IH—13C correlation signals of the 2D HetCor spectrum are

study on rhodopsin, these images of the chromophore can

shown. To detect predominantly the heteronuclear correla- he ysed to identify self-consistent patterns of NMR ligation
tions between carbons and directly attached protons, ashifts and to resolve details of the electronic and spatial

relatively short mixing timer,, of 100 s was used. On the
basis of the*C assignment, a full assignment of the proton
response was obtained (Table 3).

DISCUSSION

Due to recent improvements in technology, 2D MAS
NMR dipolar correlation spectroscopy allows comprehen-

structure of the ligand and of the ligangrotein interactions.
NMR Evidence for an Improper Fit of the Chromophore

in Isorhodopsin.The C16 and C17 methyl groups of the

9-cis-retinylidene pSB model compound in solution resonate

with a gpse® of 29.0 ppm (Table 1). In isorhodopsin, one of

the resonances is detected with og,® of 30.6 ppm,
corresponding with a downfield\a;i,© of 1.7 ppm, while

sive chemical shift assignments of moderately sized multispin the other methyl resonates wittog of 26.2 ppm, resulting
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Table 4: Chemical Shift Differences for thec®-Retinylidene polyene chain to stabilize positive charge density at 483
Chromophore in Isorhodopsin Relative to the Model Compounds 35—-37).
9-cis-fi-Carotene foca), N-(9-cis-Retinylidene)butylimine £osg), Both the formation of the SB and its protonation will affect
and N-(9-cis-Retinylidene)butyliminium Trifluoroacetate\giq) the polarization of the polyene chain. The effect of proto-
position Aoca? (ppm) Aosg (ppm) Aaig (ppm) nation transpires from a comparison of € shifts of the
5 21 1.7 —0.2 chromophore with data for the unprotonated SB model
6 0.2 1.5 0.3 compoundN-(9-cis-retinylidene)butylimine (Table 4). Upon
7 7.5 6.4 3.1 protonation, additional positive charge accumulates at the
8 11 L4 2.2 dd-numbered carbons cl to the SB nitrogen. Usin
9 134 99 55 0 umbered carbons close to the ogen. Using a
10 20 28 33 conversion factor of 155 ppm/unit charge, we estimate that
11 16.6 13.9 3.2 the excess charge on the olefinic carbons@23 electronic
12 —2.5 -1.2 05 equivalents. Finally, the effect of the formation of the SB
13 33.2 25.7 5.4 on the polarization of the polyene chain is estimated from
14 —-13.3 —-10.2 —-0.4 . . . )
15 36.9 76 36 the ligand shifts of the chromophore relative taci8-

carotene (Table 4¥(). The introduction of an electroneg-
ative nitrogen leads to a polarization 6f0.25 electronic
equivalents of thé3C close to the SB, largely accumulating
at C13 and C15. This illustrates how SB formation can
in an upfieldAaig© of —2.8 ppm. TheAoi € values for these  induce a polaronic conjugation defect. The ligation shifts in
methyl groups are attributed to intramolecular steric interac- the C7C10 region appear to be disconnected from the
tions with nearby carbons and protons of fh@none ring alternating charge effects at the Schiff base end. We consider
(16, 44, 45). Like rhodopsin, the binding site appears to these shifts anomalous and ascribe them primarily to chro-
inhibit the ring puckering motion of the chromophore in mophore distortions around thec® bond. They provide
isorhodopsin 16, 44, 46). evidence for strain in the isomerization region of the polyene
Although a comparable ring conformation is present as in @1d support the hypothesis that perturbation of the chro-
rhodopsin, the shift pattern for isorhodopsin reveals a global MoPhore in the region of theis bond induced by the protein
extended region of strong steric interactions and suggestsEnvironment assists the_selectl\':e phot0|sog1er|zaﬂ18n4(8).
an improper fit of thei-ionone ring in the binding site. The ~ 1n€ substantial downfield\oig™ and Aaig™ of C19 cor-
proton ligation shifts of C16 and C17 are comparable, roborate this picture pf global steric hindrance in the binding
exhibiting a relatively large downfielday," of 1.2 ppm and pocke.t. Sug:h a strained @ chromophore not .onIy fully
aAoigh of 1.1 ppm, respectively. A downfieldoig" of this complies with our NMR data but also can explain thel@- .
magnitude indicates significant steric interactions between fold slower regeneration rate af.‘d th_e > keal lower b_mdmg
C16/C17 and the surrounding protein. The ligation shifts of en;halpy of the apoprotein for @s-retinal than for 11sis-
other ring hydrogens support the interpretation in terms of retinal @3, 49, 50).

significant steric interactions with the protein. The H2 and Isqrhodopsin Versus R'hodop'sinln rhodopsin, highly
H3 protons shift downfield with &\aigH of 1.0 ppm, while specific localized proterﬁllgan_d interactions were re_solved
the protons bound to C18 and €|92:4 are also 'shifted by 'H MAS NMR that are attributed to nonbonding interac-

downfield. Finally, the carbon and the protons of C19 have tions between th? chromophore a’.‘d S'd? chams of protein
. o ; c _ o residues. Most likely, the aromatic amino acid residues
downfield ligation shifts Aoiig® = 5.4 ppm andAgg" =

1.3 ppm, respectively) that represent the lar € and Phe208, Phe212, and Trp265 are in close contact with
' F’:p , 1esp y P gasiy C16/C17 and C18 methyl groups, respectivelyf)( In
Acgig" observed for the entire chromophore. Thus, an . s A

~ h : . . addition, theAd;“ of C16 and C17 showed that binding of
extended pattern &k provides converging evidence for

unspecific steric interactions and a misfit of the ring within the llcisretinylidene chromophore results in a chiral
the protein binding pocket. selection by fixation of the ring puckerind &, 44). Finally,

while the upfield NMR ligation shifts of C20 were ascribed
Strain in the 9-cis-Retinylidene Chromophore of Iso- to a nonplanar conformation of the 12rans bond origi-
rhodopsin.A common property of retinal Schiff bases is an  nating from proteir-ligand interactions, the NMR data gave
alternating pattern of positive charge at the odd-numberedng evidence for significant interactions between C19 and the
carbons closest to the nitrogen in the form of a polaronic protein (L6). The data for the rhodopsin led us to conclude
conjugation defectl(7, 40, 42, 43). By comparison of the  that the ionone moiety and 9-methyl group of the cig-
data for the protein-bound ligand with the spectra collected retinylidene chromophore fit tightly and precisely in the
from 9-cis model compounds of either the pSB, the unpro- active site of the protein.
tonated SB, or theS-carotene isomer, three levels of This strongly contrasts with isorhodopsin. Significant
polarization effects on the polyene chain can be assessedipfield Agj¢" values are observed only for H1Bd," =
(17). The chemical shift differenceduaoig, between the  —0.9 ppm) and H11 Aoig" = —0.7 ppm). They can be
chromophore and the pSB model compouNe(9-cis- ascribed to interactions with nearby aromatic amino acid side
retinylidene)butyliminium trifluoroacetate, are listed in Table chains, which produce a ring current effect resulting in an
4. The shifts suggest that isorhodopsin comprises a complexupfield NMR ligation shift 61). In isorhodopsin, thégjgH
counterion environment similar to rhodopsin, where a values are predominantly downfield, for the protons attached
hydrogen bond network involving a water molecule close to the ring moiety as well as for C19.
to the positively charged pSB and a negatively charged The shifts of C16 and C17 are very similar for rhodopsin
carboxylate group of Glu113 are thought to interact with the and isorhodopsin, indicating that the upper part of the ring

Aot 97.2 59.5 23.5
aData from ref47.
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adopts a similar fixed conformation in both pigments. Since tween the %is configuration and the pocket provokes strain
both chromophores are covalently linked to Lys296 in a pSB on the ring, on the 19-methyl group, and in the polyene chain
and the'3C shifts indicate a similar counterion environment, 9-cis segment. The analysis of thkg;,¢ pattern of the
the pSB anchoring sites will also be at a very similar position C7—C10 region is in line with a perturbation of the polyene
in rhodopsin and isorhodopsin. Indeed, upon photoexcitation chain. The nonspecific pattern of interactions for the isor-
isorhodopsin will relax into the same bathorhodopsin inter- hodopsin chromophore confirms that the fit of thecis-
mediate as rhodopsin, with the lower photoisomerization retinylidene ligand into the opsin binding pocket is not
quantum vyield for the isorhodopsin species (3). We optimal. This would explain biochemical observations such
propose that upon binding both isomers induce a very similar as a reduced binding enthalpy and slower binding kinetics
conformation of the surrounding protein residues in the active for 9-cis-retinal.

site. With NMR, we however observe a very precise induced
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