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ABSTRACT

With a quantum yield of 0.66 = 0.03 the photoisomerization efficiency of the visual pigment rhodopsin (11-cis =
all-trans chromophore) is exceptionally high. This is currently explained by coherent coupling of the excited state
electronic wavepacket with local vibrational nuclear modes, facilitating efficient cross-over at a conical intersection
onto the photoproduct energy surface. The 9-Cis counterpart of thodopsin, dubbed isorhodopsin, has a much lower
quantum yield (0.26 = 0.03), which, however, can be markedly enhanced by modification of the retinal
chromophore (7,8-dihydro and 9-cyclopropyl derivatives). The coherent coupling in the excited state is promoted
by torsional skeletal and coupled HOOP vibrational modes, in combination with a twisted conformation around the
isomerization region. Since such torsion will strongly enhance the infrared intensity of coupled HOOP modes, we
investigated FTIR difference spectra of rhodopsin, isorhodopsin and several analog pigments in the spectral range
of isolated and coupled H-C=C-H wags. As a result we propose that the coupled HOOP signature in these retinal
pigments correlates with the distribution of torsion over counteracting segments in the retinylidene polyene chain.
As such the HOOP signature can act as an indicator for the photoisomerization efficiency, and can explain the

higher quantum yield of the 7,8-dihydro and 9-cyclopropyl-isorhodopsin analogs.
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1. INTRODUCTION

In contrast to the rod visual pigment rhodopsin, a paradigm and name-giver for the opsin family, a major sub-class
of the superfamily of G protein coupled receptors, its configurational counterpart isorhodopsin has received much
less attention. Rhodopsin binds the 11-cis isomer of retinal as its chromophore (Fig. 1), resulting in an absorbance
band peaking near 500 nm [1]. Originally, George Wald and coworkers detected that the apoprotein opsin also
binds the 9-cis isomer of retinal (Fig. 1), be it with five to ten-fold slower kinetics, yielding a pigment with a Amax
near 485 nm, which was coined isorhodopsin [2]. The lower binding rate is in line with the about 5 kcal.mol™* higher
ground-state enthalpy of isorhodopsin [3,4]. Since for a long time 9-Cis retinal was not detected in healthy retina’s
[5,6], isorhodopsin was considered a not too interesting artifact. However, more recently small quantities of
isorhodopsin were identified in mice with a mutation in the isomerase (RPE65) that converts the all-trans into the
11-cis configuration [5]. Furthermore, it was established that oral administration of precursors of the more stable 9-
cis retinal can rescue the visual defect observed in mice and in human patients, suffering from an inadequate 11-cis

generating pathway [7,8].

This rescue capacity originates in the very similar photocascade, triggered by illumination of rhodopsin or iso-
rhodopsin, culminating within ms in generation of the active state, metarhodopsin I, which mediates signal
propagation by binding and activating the visual G protein, transducin (Gt) [1,9,10]. However, next to the spectral
sensitivity a major difference between rhodopsin and isorhodopsin lies in their photosensitivity. While the molar
absorbance of isorhodopsin is about 5% higher than that of thodopsin [11], the photoisomerization quantum yield of

isorhodopsin is about 60% lower at physiological temperatures (Table 1) [2,12,13].

The remarkably high quantum yield of rhodopsin has eluded a theoretical explanation for several decades. With the
development of femtosecond spectroscopic techniques, quantum-chemical calculus and forceful molecular
dynamics simulation, a fairly coherent model has slowly emerged [14-28]. Upon photo-excitation of the
chromophore into the Franck-Condon state it rapidly relaxes along a barrierless trajectory on the potential energy
surface to a minimal energy conical intersection, where effective cross-over to the energy surface of the
photoproduct takes place, generating a hot all-transoid state (photorhodopsin) in about 30 fs [14]. This thermalizes
within several hundred fs into bathorhodopsin [14-18,20,29], which is stable below 130 K [30], but still contains a
highly twisted all-trans configuration for its chromophore, as is evident from strongly enhanced isolated H-wag

vibrations in the polyene chain of the chromophore [31-33] (Fig.2).

The cross-over at the conical intersection is facilitated by several structural elements: (1) the opsin binding site, with
special crevices for the cyclohexene ring [34,35] and 9-methyl group [35-37], and the Schiff-base linkage to Lys-
296, strongly fixates the chromophore [34] and enforces a torsion in its conformation, a.o. resulting in a twist
around the C11=C12 bond; (2) upon excitation the electronic distribution in the chromophore is altered, the dipole
moment is reversed, and the C11=C12 bond elongates [38,39]; (3) the electronic wave packet on the excited state
surface can couple coherently with local nuclear vibrational modes in the hot-spot region (C10-C11=C12-C13), in

particular torsional modes of C11=C12 and the coupled hydrogen-out-of-plane (HOOP) vibration of H-C11=C12-H
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[14,17,18,21,26,27,40-42]. These combined effects can evolve into rapid crossing of the wave packet at the conical

intersection onto the photoproduct surface (also dubbed: quasi-quantum coherent evolution [43]).

With respect to isorhodopsin these elements have been much less deeply investigated [23,44-47]. It was
demonstrated that, in contrast to rhodopsin, the photochemical quantum yield of isorhodopsin becomes strongly
wavelength dependent at low temperature, at 80 K decreasing from 0.17 to 0.09 at the red wing of the absorbance
spectrum [12,23]. This suggests two competing processes. Recent quantum-chemical molecular dynamics
simulations indeed propose a split pathway with separate minimal energy conical intersections, consisting of a
rapid unreactive pathway, and a slower reactive pathway, possibly coupling with vibrational nuclear modes, that is
hindered by sterical interaction with protein residues [45,46]. Even less understood is the intriguing observation that
certain modifications of retinal can markedly enhance the quantum yield of the corresponding isorhodopsin analog
with little (7,8-dihydro derivative) or strongly adverse (9-cyclopropyl derivative) effects on the corresponding

rhodopsin analog [48,49].

As introduced above, there is strong evidence that the H-C11=C12-H HOOP vibration coherently couples with the
excited electronic wave packet and thus contributes to the efficacy of crossing at the conical intersection, and
thereby the high photochemical quantum yield of rhodopsin. Since the HOOP vibrations originate in the ground
state of the pigments, and can be easily identified in FTIR difference spectroscopy [31,33], we searched for a
correlation between the coupled HOOP pattern and the photochemical quantum yield in isohodopsin and rhodopsin
and some of their analog pigments with deviating quantum yield. This leads us to amend assignments for the HOOP
modes in isorhodopsin and rhodopsin, and suggest an explanation for the marked increase in quantum yield in 7,8-

dihydro- and 9-cyclopropyl-isorhodopin.

2. MATERIALS AND METHODS

2.1 Retinals.
The chemical structure of the retinals used in this paper is depicted in figure 1. 11-Cis retinal was a generous gift
from Rosalie Crouch (Medical University of South Carolina, Charleston, U.S.A.). Synthesis and characterization of

the other retinals were described in earlier papers [37,48-50].

2.2 Pigments and analogs

Rhodopsin was isolated from bovine eyes. Rod outer segment membranes were prepared from fresh, dark-adapted
bovine eyes via sucrose-density gradient centrifugation using dim-red light conditions (> 620 nm; Schott RG620
cut-off filter) [51]. The same procedure was used for apoprotein (opsin) containing membranes after light adaptation
of fresh eyes [52]. The regeneration capacity of opsin membranes was estimated from the A280/A500 ratio

obtained after incubation in the dark with a three-fold molar excess of 11-Cis retinal, whereby a ratio of 2.1 + 0.1

was taken to represent a maximal rhodopsin content. All pigments were prepared with opsin membranes having a



regeneration capacity of 90-100 %. All manipulation with the pigments was performed under dim red light.

native
S
=
N 7.8-dihydro
=
\D
'
)
cyclo
S
alpha

Figure 1: The chemical structures of 9-Cis and 11-cis retinal and their derivatives discussed in this paper. Cyclo stands for 9-
cyclopropyl. The numbering of here relevant carbon atoms is indicated in the native retinals. The full numbering is shown in
figure S1. The structures are presented in the 12-s-trans conformation, which is the conformation induced by the opsin binding
site.

Pigments were generated by incubation in the dark with a three-fold molar excess of the retinal during 2 h at room
temperature. In case of the poorly incorporating alpha and 9-cyclopropyl retinals another five-fold molar excess was
then added and the incubation continued overnight at 4°C. Excess retinal was extracted by incubation with -
cyclodextrin and pigment membranes finally recovered by sucrose step-gradient centrifugation, as described in
detail before [48-50,53,54]. Pigments with lower regeneration levels were purified by affinity chromatography and
reconstituted into proteoliposomes as described [51,54]. Alpha-rhodopsin exhibited poor stability in detergent
solution, however, leading to contaminated preparations with low intact pigment content. The spectral analysis and

photochemical characterization of the pigments compiled in table 1 was reported before [48-50].



2.3 FTIR spectroscopy

FT-IR analyses were performed on a Bruker IFS 66/S spectrometer, equipped with a liquid-nitrogen-cooled,
narrowband HgCdTe (MCT) detector as described [48,53]. In brief, sample temperature was under computer
control using a variable-temperature helium-cooled cryostat (Heliostat, APD Cryogenics Inc.), covered with a set of
NaCl windows in the IR light path. Membrane films containing 2-3 nmol of pigment were prepared by isopotential
spin drying [55] on AgCl windows (Crystran Limited, UK), except for alpha-rhodopsin where such quantities were
not available. The membrane film was rehydrated, sealed using a rubber O-ring spacer and a second AgCIl window,
and screwed tight in the sample holder of the cryostat. Samples were illuminated in the spectrometer using a
modified fiberoptics ring illuminator (Schott) fed by a 150 W halogen light filtered through a 488 = 10 nm
interference filter and a long-pass filter (Schott). Routinely, six consecutive blocks of 1280 scans each were
recorded at 4 cm™ resolution, taking about 120 s acquisition time per block to generate a spectrum, both before and
after 2 min of illumination. No differences in pattern for the subsequent spectra were detected, and routinely the last
dark-state spectrum was subtracted from the first spectrum of the photoproduct to generate a difference spectrum.
Difference spectra were taken at 80 K, since vibrational peaks are narrower and pigment and photoproduct HOOP
frequencies are well separated at that temperature. Temperature stability was + 0.2 K. Independent assays of the
same pigment produced very similar difference spectra, but averaging did not lead to further noise reduction, since
with this large number of scans instrumental noise starts to dominate. All spectra were normalized upon major
fingerprint vibrations of the 11-cis (thodopsins; about 1205 and/or 1190 cm™) and 9-cis (isorhodopsins; about 1200

ecm™) configuration, and represent approximately the same number of photoreacting molecules.

Isorhodopsin Rhodopsin
(9-cis chromophore) (11-cis chromophore)
retinal binding | Amax’ HOOP Quantum retinal binding Amax’ HOOP Quantum
analog level* (nm) | em™ (assignment) yieId3 analog level® (nm) cm™, assignment yieId3
Native >90 % 486 969 (HC11=C12H) 0.26 £ 0.03 Native >90 % 498 969 (HC11=C12H) 0.66 + 0.03
959 (HC7=C8H)
7,8-dihydro >90 % 428 967 (HC11=C12H) 0.39+0.04 7,8-dihydro >90 % 426 971 (HC11=C12H) 0.68 + 0.06
9-cyclopropyl | 30-40% | 504 974 (HC11=C12H) 0.39+0.04 | 9-cyclopropyl | 20-30% 492 977 (HC11=C12H) | 0.08 +0.04
988 (HC7=C8H)
alpha- >90 % 461 979 (HC11=C12H) 0.28 £ 0.04 alpha- <50% 469 960 -970 (??) n.d.
962 (HC7=C8H)

! Binding levels > 90 % indicate full incorporation of the retinal in the available opsin. Binding rates may still differ up to 10-fold. Lower
incorporation usually is the result of much lower binding rates due to a poor fit in the binding site, with gradual loss of opsin activity and/or
blockage of the entrance site [56].

2 Average of > 3 experiments. S.D.+2 nm

3 Average of 3-5 experiments with S.D.

n.d. Not determined because of low stability

Table 1: Selected properties of the pigments discussed in this paper. Except for several FTIR spectra and the HOOP
assignments, the native data are averaged from [6,12,23,48,53], the 7,8-dihydro data are taken from [48], the 9-cyclopropyl data
from [49], and the alpha-data from [50].




3. RESULTS AND DISCUSSION

3.1 Properties of pigments under discussion

The smooth reaction of opsin, the apoprotein of rhodopsin, with 11-Cis retinal [2,6] reflects an optimally structured
binding site. Opsin offers tight-fitting crevices for the ring segment [34,35,57] and 9-methyl element [23,35-
37,58,59], together with docking sites for the 13-methyl moiety [49,60] and the aldehyde conclusion (protonated
Schiff base with an g-amino lysine residue [61,62]). This effectuates a strongly immobilized, stable 12-s-trans
conformation [34,63] (Fig.1), and induces a torsion in particular in the C9-C13 segment of the polyene chain
[23,35,42,64-66]. This state is in line with observations, that in the absence of the 9-methyl or 13-methyl moiety (9-
desmethyl- and 13-desmethyl-retinal, respectively), still fairly rapid binding with opsin occurs, but the quantum
yield decreases significantly, probably because of reduced torsion in the polyene chain [59,66-69].

In contrast, the markedly slower incorporation rate of 9-Cis retinal relative to 11-Cis retinal suggests a much poorer
fit in the binding site [2,23]. The 9-Cis configuration leads to friction especially in the ring and 9-methyl binding
pockets [70,71] and to a strong decrease in photochemical quantum yield (Table 1). Surprisingly, for several retinal
derivatives this situation is altered (Table 1). A beautiful example is presented by the 7,8-dihydro derivative of 9-Cis
and 11-cis retinal (Fig. 1). In this case both isomers react equally smoothly with opsin[48]. Furthermore, both
pigments now exhibit very similar spectral properties (Table 1), also supporting a very similar occupation of the
opsin binding site. Apparently, release of the constraints of the C7=C8 double bond allows also the 9-Cis
configuration to properly dock into the ring and 9-methyl pockets. Moreover, the 7,8-dihydro derivative enhances
the photochemical quantum yield of the corresponding isorhodopsin analog by about 50 % (Table 1). Since the
molar absorbance coefficient of 7,8-dihydro isorhodopsin is about 20% higher than that of rhodopsin [48], as a
result the photosensitivity of this isorhodopsin pigment has increased quite impressively from about 40% to about
70% of that of rhodopsin. Even more stunning effects are observed upon substituting the 9-methyl moiety for the
much bulkier cyclopropyl group [49]. This group hardly fits into the 9-methyl crevice and consequently both the 11-
cis and the 9-cis derivative incorporate into opsin at a much lower rate and to a reduced final regeneration level
(Table 1). Now, however, the 9-Cis configuration binds slightly better and the resulting absorbance band is
significantly red-shifted from the rhodopsin analog (504 versus 492 nm, respectively). Apparently, in the 9-cis
configuration the 9-cyclopropyl retinal encounters less sterical hindrance from protein residues upon entering and
docking into the binding site. In this case, completely reverse effects are observed upon the quantum yield. The
photosensitivity of this rhodopsin analog has plummeted, while the quantum yield of this isorhodopsin analog
increased with again about 50% (Table 1). In the two isorhodopsin analogs discussed above an equally good or
better fit into the binding site as compared to the rhodopsin counterpart is accompanied by an improved quantum
yield. Hence, we also looked at the alpha-retinals (Fig. 1), where the 9-Cis analog binds much better than the 11-cis
analog, as well [50] (Table 1). However, in this case we do not observe a significant effect on the quantum yield of
the isorhodopsin pigment, while the rhodopsin analog could not be analyzed because of problems with purification

and stability.



In the introduction the available evidence was summarized for a contribution of coupled hydrogen-out-of-plane
(HOOP) vibrations to an efficient crossing of the electronic wave packet at the conical intersection, hence to the
level of the quantum yield. Consequently, we looked into our FTIR spectra for a correlation between the coupled

HOOP pattern and the quantum yield of the pigments discussed above.

3.2 HOOP modes and vibrational signature

The C-H wag vibration in a H-C=C-H unit can be strongly coupled, basically showing two HOOP symmetry
combinations with frequencies in the 950-980 and 650-850 cm™ range [72]. In a planar system the corresponding
absorbance bands have infra-red intensity, but in a twisted system their dipolar character will increase and they will
be very strongly enhanced [32,58]. In contrast, the C-H wag vibration in a R-C=C-H unit (isolated HOOP) is not
strongly enhanced upon skeletal deformation [32], and besides absorbs in the 800-930 cm™ range [32,72], which
contains very strong photoproduct vibrations (Fig. 2). Because of the plethora of vibrational modes in a large
polymer like a protein, the corresponding IR spectrum is extremely complex. A resonance Raman spectrum will
mainly yield chromophore vibrations [73], but this is not a proper alternative since then the frequency and intensity
of vibrational peaks depend in a complex way on the conformation in the ground and the excited state, which
renders interpretation much more complicated. Fortunately, IR spectra can be considerably simplified if local
conformational changes can be induced and difference spectroscopy is applied. The obtained difference spectrum
only shows the vibrational bands changed during the transition. With retinal proteins this can be comfortably
accomplished by illumination at a low temperature, where mainly the vibrational signature of the chromophore is
altered [33]. Such difference spectra, covering the range of coupled and isolated ethylenic HOOPs (800-1000 cm™),

are collected for the above described pigments in figure 2.
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Figure 2: Representative FTIR difference spectra taken at 80 K of the pigments, discussed in this paper, in the spectral range
relevant for HOOP vibrations (800-1000 cm™). Iso-Rho, Rho and cyclo stand for isorhodopsin, rhodopsin and 9-cyclopropyl,
respectively. Positive peaks derive from the photoproduct and usually show the presence of individual HOOPs, due to strong
skeletal deformation. Negative peaks derive from the ground state pigments. The frequency of selected HOOPs is indicated in
wavenumbers (cm™). The plethora of peaks in the 800-900 cm™ range for the 7,8-dehydro- and 9-cyclopropyl-isorhodopsins
probably reflect a dynamical equilibrium at this temperature between two photoproducts differing in skeletal deformation of
retinal and in the structure of water molecules in the binding site, since the noise level in the 900-1500 cm™ range of these
spectra is much smaller, but again somewhat larger between 1600 and 1700 cm™ (Fig. S2). The spectrum of the alpha-
rhodopsin is noisy over the entire 800-1800 cm™ range (Fig. S3), because only small quantities of intact pigment were available

(c.f. Materials and Methods). No conclusions were drawn from this spectrum, but it is included for completeness.

As argued above, the isolated HOOP at C10 (Fig. 1) is not relevant for our analysis, but retinals contain two
positions where coupled HOOPs can be expected, C7=C8 and C11=C12 (c.f. Fig. 1). In the FTIR difference spectra
(Fig. 2) the negative bands derive from the ground state of the pigments. Native isorhodopsin presents two coupled
HOOP vibrations at 969 and 959 cm™ [31,50,65]. Using selective “H and **C labeling the 959 cm™ peak was
assigned to the 7,8 HOOP via elimination [32]. While originally the 969 cm™ peak was not detected in resonance
Raman spectra, it was concluded on the basis of the labeling that a weak 11,12 HOOP might be present [32].

Therefore, we assign the strong 959 cm'* vibration to the 7,8 HOOP and the weaker 969 cm™ vibration to the 11,12
9



HOOP. This assignment is corroborated by the 7,8-dihydro data, where the 7,8 HOOP cannot be present, and the
isorhodopsin difference spectrum only shows a peak at 967 cm™ (Fig. 2), which should represent the 11,12 HOOP.
Subsequently, 9-cyclopropyl-isorhodopsin also presents a fairly strong single band, now at 974 cm™, which we
assign to the 11,12 HOOP in view of its frequency. Finally, alpha-isorhodopsin again presents two peaks, of which

we assign the weaker one at 979 cm™ to the 11,12 HOOP and the stronger one at 969 cm™ to the 7,8 HOOP.

Native rhodopsin only presents a strong single band at 969 cm™ [31,33,73], which, again based upon selective
labeling, has been assigned to mainly the cis-11,12 HOOP, with possibly a small contribution from the trans-7,8
HOOP [32,73]. However, we do not find a rest-peak in derivatives where the 11,12 coupling is abolished (11-
methyl, 12-methyl and 12-F rhodopsin [56,74]) or is shifted to lower frequency (10-F rhodopsin[74]). Therefore we
assign the 969 cm™ vibration to solely the 11,12 HOOP and conclude that in native rhodopsin the 7,8 HOOP is not
enhanced and has not sufficient intensity to be detectable. In 7,8-dihydro-rhodopsin again only a single strong
HOOP vibration is observed, now at 971 cm™ , which must be the 11,12 HOOP, since the 7,8-HOOP cannot be
present. Surprisingly, 9-cyclopropyl-rhodopsin shows a doublet at 977 cm™ and 988 cm™, both peaks having about
the same intensity (Fig. 2). The solitary wags in the photoproduct of this pigment are all upshifted in frequency,
hence we surmise an upshift in the frequency of the coupled HOOPs and assign the 977 cm™ and 988 cm™ peaks to
the 7,8 and 11,12 HOOP, respectively. Because of the low quantity of available pigment, the difference spectrum of
alpha-rhodopsin is very noisy (Figs. 2 and S3). Hence, it is difficult to assess whether the broad feature near 970 cm’
! represents a single HOOP vibration or a doublet. Since we could not reliably determine the quantum yield of this

pigment, we refrain from attempting to assign this band.

3.3 Interpretation

The available literature, summarized in the introduction, presents convincing evidence that a twisted conformation
of the C10-C13 segment in rhodopsin can prime the pigment for very productive 11-Cis to all-trans photo-
isomerization by promoting coherent coupling of torsional and HOOP vibrational modes with the electronic wave
packet at the excited state potential surface. On the other hand, we propose that a twist in the C7-C9 segment will be
counterproductive, since the 9-methyl moiety remains strongly settled in its binding site pocket [47,70] and cannot
really assist in coherent coupling of vibrational modes with a wave packet. The latter argument also holds for the 9-
Cis to all-trans photo-isomerization in isorhodopsin. However, the 11,12 HOOP also communicates with the 10-
wag, since C10-substituents (10-°H, 10-CHs, 10-F) downshift the 11,12 HOOP [32,53,74]. Hence, it is conceivable
that torsion in the C10-C13 segment can also productively contribute to photo-isomerization of isorhodopsin, be it

less effective.

Within this framework we can offer an explanation for the variation in quantum yield observed between
isorhodopsin and rhodopsin, respectively, and their analog pigments. In rhodopsin we only detect a strong 11,12
HOQOP, indicating that the torsion in the polyene chain is largely located in the C10-C13 segment, which can
optimally promote coherent coupling yielding a high quantum yield. The same situation, a strong 11,12 HOOP and
a large quantum yield, is also observed in the 7,8-dihydro rhodopsin analog. Since here the C7-C8 bond is flexible,

10



this supports the concept that in the 11-cis configuration the ring and 9-methyl element of retinal snuggle smoothly
in their binding site crevice inducing torsion largely in the C10-C13 segment. In 9-cyclopropyl rhodopsin two
HOOPs of about equal intensity are observed, indicating that the torsion in the polyene chain now is distributed
over the C7-C9 and C10-C13 segment. This must be the consequence of the cyclopropyl group not very well fitting
in the 9-methyl crevice when combined with a cis C11=C12 bond. The promoting effect of the C10-C13 twist hence

will be strongly reduced and the quantum yield severely diminished.

In contrast, native isorhodopsin exhibits a strong 7,8 HOOP with a weaker 11,12 HOOP. This suggest strong torsion
in the C7-C9 segment with less torsion in the C10-C13 segment, in concert with a poor fit of the ring and 9-methyl
group in combination with a cis C9=C10 bond. Together with the less effective coherent coupling through the 10-
wag stimulated via C10-C13 vibrational modes, this provides an explanation for the much lower quantum yield of
native isorhodopsin relative to rhodopsin (Table 1). Upon release of the C7=C8 constraints in the 7,8-dihydro
analog, a better fit of the 9-Cis isomer in the binding site can be realized, as is obvious from the similar
incorporation rates of the 9-Cis and the 11-cis isomer and the very similar spectral properties of the resulting
pigments [48]. Only the 11,12 HOOP is then observed, and the corresponding torsion in the C10-C13 segment can
strongly enhance the quantum yield of this isorhodopsin analog (Table 1). Surprisingly, the same situation is
encountered for the 9-cyclopropyl analog. We have to conclude that in combination with a cis C9=C10 bond the
cyclopropyl and ring elements apparently can find a docking position, where the torsion is mainly located in the
C10-C13 segment of the polyene chain, again strongly enhancing the quantum yield. Finally, in alpha-isorhodopsin
two HOOPs are detected, hence the torsion is distributed over the C7-C9 and C10-C13 segment, similar to the

parent pigment, and the quantum yield comes at the same level as native isorhodopsin.

3.4 Concluding thoughts

We propose a corrrelation between the degree of torsion in the C7-C9 and C10-C13 segments of the retinylidene
chromophore and the photochemical quantum yield of the corresponding pigment. More torsion in the C10-C13
segment results in an increased quantum yield. This can be conveniently deduced from the intensity ratio of the
coupled H-C7=C8-H and H-C11=C12-H HOOP vibrations in the 960-990 cm™ range of a FTIR difference

spectrum.

It was fortunate that this correlation between HOOP signature and quantum yield became apparent in our selection
of analog pigments. The 7,8-dihydro derivative abolishes the H-C7=C8-H HOOP and relaxes the retinal structure to
the extent that the 9-Cis and 11-cis isomers incorporate equally well, with very similar spectral properties and a high
quantum yield. With respect to the 9-cyclopropyl group, this substituent was selected because of its size being
intermediate between the 9-ethyl derivative, which does not really allow discrimination between the 9-Cis and 11-cis
isomer [75,76], and the 9-isopropyl derivative, of which both isomers very poorly fit in the binding site [49].
Remarkably, the 9-cyclopropyl derivative completely reverses the isomeric selectivity of the opsin binding site. The
9-cis isomer now incorporates slightly better, generating a red-shifted pigment with a much higher quantum yield,

as compared to the 11-Cis isomer (Table 1). This is also reflected in their HOOP signature, the isorhodopsin analog

11



presenting a single coupled HOOP vibration, and the rhodopsin analog presenting a doublet of about equal intensity
(Table 1, Fig. 2). It should be noted that modifications away from the isomerization sites (e.g. positions 13 and 14)
may interfere with the mechanism proposed above through destructive interaction with the protein [49]. Further,
validation of our assigments will require mass labeling (e.g. H or F at position 8 or 11) of all derivatives for both 9-

cis and 11-cis retinal. This is a formidable task and outside the scope of this paper.

An interesting question in this context is whether the value of 0.39, we observe in two cases, is about the maximal
quantum yield in reach for isorhodopsin. Such a much lower value than presented by rhodopsin could be the
consequence of a less effective coupling of the C9=C10-H wag and other local nuclear modes, requiring stimulation
by C10-C13 vibrational modes, with the excited electronic wave packet. This can e.g.be tested on 7,8-dihydro,9-
cyclopropyl —isorhodopsin, to evaluate whether the combined modifications can further enhance the quantum yield.
Another interesting option in this respect is based upon the report that the *H-C11=C12-*H double label can enhance
the quantum yield of rhodopsin by about 8% [77]. Possibly, a stronger communication of vibrational modes in triple
labeled 9-cis retinal (*H-C10-(*H)-C11=C12-*H or even F-C10-(F)-C11=C12-F) would enhance the quantum yield
of isorhodopsin. In addition, application on isorhodopsin and 7,8-dihydro-isorhodopsin of ultrafast transient-grating
spectroscopy [14] and 2D femtosecond stimulated Raman spectroscopy [78] should reveal important intimate

details of the photo-isomerisation mechanism in this intriguing photopigment.

In perspective, our concept is an elementary illustration of the subtle and flexible interaction between receptor and

ligand, which can modulate either conformational space and thereby the resulting response level.
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LEGENDS

Table 1: Selected properties of the pigments discussed in this paper. Except for several FTIR spectra and the HOOP
assignments, the native data are averaged from [6,12,23,48,53], the 7,8-dihydro data are taken from [48], the 9-
cyclopropyl data from [49], and the alpha-data from [50].

Figure 1: The chemical structures of 9-Cis and 11-Cis retinal and their derivatives discussed in this paper. Cyclo
stands for 9-cyclopropyl. The numbering of here relevant carbon atoms is indicated in the native retinals. The full
numbering is shown in figure S1. The structures are presented in the 12-s-trans conformation, which is the
conformation induced by the opsin binding site.

Figure 2: Representative FTIR difference spectra taken at 80 K of the pigments, discussed in this paper, in the
spectral range relevant for HOOP vibrations (800-1000 cm™). Iso-Rho, Rho and cyclo stand for isorhodopsin,
rhodopsin and 9-cyclopropyl, respectively. Positive peaks derive from the photoproduct and usually show the
presence of individual HOOPs, due to strong skeletal deformation. Negative peaks derive from the ground state
pigments. The frequency of selected HOOPs is indicated in wavenumbers (cm™). The plethora of peaks in the 800-
900 cm™ range for the 7,8-dehydro- and 9-cyclopropyl-isorhodopsins probably reflect a dynamical equilibrium at
this temperature between two photoproducts differing in skeletal deformation of retinal and in the structure of water
molecules in the binding site, since the noise level in the 900-1500 cm™ range of these spectra is much smaller, but
again somewhat larger between 1600 and 1700 cm™ (Fig. S2). The spectrum of the alpha-rhodopsin is noisy over
the entire 800-1800 cm™ range (Fig. S3), because only small quantities of intact pigment were available (c.f.
Materials and Methods). No conclusions were drawn from this spectrum, but it is included for completeness.
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