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for reduced porphyrin derivatives). Such considerations are im-
portant from the standpoint of the methylreductase functional
mechanism, especially in regards to the relative stabilities of Nil'P
radical anion and Ni'P reduced species. The low affinity for axial
ligands of the more nonplanar members of the series can be
rationalized on the basis of electronic changes caused by ruf-
fling-induced core contraction.

How are shifts in the structure-sensitive marker lines to be
interpreted? First, if it is known that out-of-plane distortion does
not occur, then we can still use the Raman line frequencies as an
indication of core size. However, in the general case in which
no a priori knowledge of the structure is available we are in a
quandary. For example, a decrease in frequency in the marker
lines can be interpreted as either a decrease or an increase in core
size depending upon the type of macrocycle distortion. In the
unlikely event that the pyrrole angle is the sole determining factor
for the frequencies of all of the markers, then only the angle can
be determined from the frequencies. No further information about
the detailed conformation of the macrocycle that led to the
particular C,NC, angle is available in this case. If, however,
different modes of distortion lead to somewhat different relative
slopes for the angle-frequency correlations, then it may be possible
to obtain more information about the various modes of distortion
of the macrocycle. Further studies of this class of porphyrins,
for which the conformation of the macrocycle can be modified
in a known way, would be useful in amplifying the proper mode
of usage of the structure-sensitive Raman markers.

Additional Raman studies exploiting the unique structural
properties of this series of porphyrins are being undertaken. For
example, studies of axial ligation to nickel OATPPs are in progress
to fully elucidate the effect of planarity on ligand affinity. Also,
metal effects on the OATPP series are being investigated. And,
we are investigating the effects of substituent-constrained ruffling
on the d—d excited state in the series of nickel porphyrins by using

a new dual-channel transient Raman spectrometer.?? Finally, we
are investigating the possibility of multiple conformations?!6¢ of
the NiOATPPs in solution, a distinct possibility in the case of
NiDPP .6
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Note Added in Proof. Furenlid et al. (Furenlid, L. R.; Renner,
M. W.; Fajer, J., private communication) have determined the
Ni-N distances in powder samples of NiTC;TPP and NiOPTPP.
They are 1.99 and 1.92 (£0.02) A, respectively. The latter value
agrees with the crystallographic results (1.902 A), within ex-
perimental error. The distances in NiTC;TPP are characteristic
of a planar macrocycle, as deduced in the text.

Supplementary Material Available: Tables I and II give the
force field parameters used in the molecular structure calculations,
Table I gives the bond, angle, torsion, and inversion force constants,
Table I gives the parameters of the nonbonding potential energy
functions, and Table VI lists the Raman frequencies and X-ray
structural data for metal octaalkylporphyrin and tetraphenyl-
porphyrin core-size correlations (2 pages). Ordering information
is given on any current masthead page.
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FTIR Evidence of an Altered Chromophore-Protein
Interaction in the Artificial Visual Pigment
cis-5,6-Dihydroisorhodopsin and Its Photoproducts BSI,
Lumirhodopsin, and Metarhodopsin-I
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Abstract: FTIR studies of the BSI photoproduct and of the later intermediates lumirhodopsin and metarhodopsin-I of
5,6-dihydroisorhodopsin are reported on. Evidence is presented that in the BSI intermediate the retinal chromophore adopts
a relaxed conformation in contrast to the bathorhodopsin intermediate of native rhodopsin. Whereas for the modified pigment,
the Schiff base C=N stretching mode and its deuteration-induced isotopic shifts are similar to those of unmodified isorhodopsin,
the corresponding values of the photoproducts differ. In addition, alterations in the carbonyl spectral range are observed (protonated
carboxyl groups and amide-I). This shows that the chromophore—protein interaction is influenced by this modification. Some
molecular events of the thermal decay of the bleached pigment occur at lower temperatures or even at an earlier intermediate

of the photoreaction than in native rhodopsin.

Introduction
The vertebrate visual pigment rhodopsin consists of an 11-
cis-retinal chromophore, 1,' bound via a protonated Schiff base

*Institut fiir Blophysik und Strahlenbiologie.

$The Weizmann Institute of Science.

¥ Max-Planck-Institut fir Biophysik.

4 Abbreviations: BATHO, bathorhodopsin; BSI, blue-shifted intermediate
of cis-5,6-dihydroisorhodopsin obtained at 80 K; 5,6-diH, cis-5,6-dihydro;
FTIR, Fourier transform infrared; HOOP, hydrogen-out-of-plane; ISORHO,
isorhodopsin; LUMI, lumirhodopsin; META-1, metarhodopsin-1.

to the e-amino group of lysine 296 in the protein opsin. Absorption
of light by rhodopsin leads to a series of photoproducts that can
be trapped at low temperatures.!? Bathorhodopsin (BATHO)
is the first transient species to be trapped at 77 K. Considerable
interest has been devoted to BATHO since it was shown that it

(1) Methods in Enzymology; Packer, L., Ed.; Academic Press: New York,
1982; Vol. 81.

(2) Ottolenghi, M.; Sheves, M. In Primary Processes in Photobiology;
Kobayashi, T., Ed.; Springer-Verlag: Berlin, 1987; pp 144-153,

0002-7863/91/1513-4087802.50/0 © 1991 American Chemical Society
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stores about 36 Kcal/mol of the photon energy absorbed by
rhodopsin.>* Part of this energy may be stored in conformational
energy of the chromophore, since the strong intensities of the
hydrogen out-of-plane bending (HOOP) vibrations observed, as
well as in resonance Raman as in infrared difference spectra, 68
indicate a highly twisted chromophore.

S P
cHO
1
AN
CHO
2
AN
COE1
3

Recently, with use of nanosecond photolysis experiments and
low-temperature studies, it has been shown that the artificial
pigment cis-5,6-dihydroisorhodopsin (5,6-diH-ISORHO) derived
from 9-cis-5,6-diH-retinal, 2,2 exhibits a new blue-shifted inter-
mediate (BSI, Ay, 430 nm) which can be stabilized at 80 K® and
which had not been detected previously in native rhodopsin. No
intermediate corresponding to BATHO was observed. Since in
this retinal the 8-ionone ring is more flexible with respect to the
polyene chain and since the ring itself adopts a different geometry,
the steric interaction with the protein is altered. It has been
suggested that in 5,6-diH-ISORHO, a primary bathorhodopsin
intermediate analogous to the BATHO intermediate of native
pigment, is quickly converted to BSI due to the geometrical re-
arrangement experienced by the retinal chromophore. In light
of this observation, earlier evidence indicating the occurrence of
two BATHO species—at low temperatures!® and at room
temperature!'—has been recently reexamined.!!*> The room-
temperature data were reinterpreted, and it was shown that even
in the native pigment BATHO rapidly equilibrates with a BSI
intermediate. Thus, it is of significant important to study the
structure of the BSI intermediate and its protein—chromophore
interactions.

Synthetic retinal analogues have provided valuable information
on the steric constraints of the retinal binding pocket.!#!5 Since

(3) Cooper, A. Nature 1979, 282, 531-533.

(4) Boucher, F.; Leblanc, R. M. Photochem. Photobiol. 1985, 41, 459-465.

(5) Schick, G. A.; Cooper, T. M.; Holloway, R. A.; Murray, L. P,; Birge,
R. R. Biochemistry 1987, 26, 2556-2562.

(6) Eyring, G.; Curry, B.; Mathies, R. A.; Fransen, R.; Palings, I.; Lug-
tenburg, J. Biochemistry 1980, 19, 2410-2418.

(7) Eyring, G.; Curry, B.; Broek, A.; Lugtenburg, J.; Mathies, R. Bio-
chemistry 1982, 21, 384-393.

(8) Bagley, K. A,; Balogh-Nair, V.; Croteau, A. A.; Dollinger, G.; Ebrey,
T. G.; Eisenstein, L.; Hong, M. K.; Nakanishi, K.; Vittitow, J. Biochemistry
1985, 24, 6055-6071.

(9) Albeck, A.; Friedman, N.; Ottolenghi, M.; Sheves, M.; Einterz, C. M ;
Hug, S. J,; Lewis, J. W.,; Kliger, D. S. Biophys. J. 1989, 55, 233-241.

(10) Sasaki, N.; Tokunaga, F.; Yoshizawa, T. FEBS Lett. 1980, 114, 1-3.

(11) Einterz, C. M,; Lewis, J. W.; Kliger, D. S. Proc. Natl. Acad. Sci.
U.S.A. 1987, 84, 3699-3703.

(12) Hug, S. J,; Lewis, J. W.; Einterz, C. M.; Thorgeirson, T. E.; Kliger,
D. S. Biochemistry 1990, 29, 1475-1485. _

(13) Lewis, J. W,; Einterz, C. M.; Hug, S. J; Kliger, D. S. Biophys. J.
1989, 56, 1101-1111.
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Figure 1. FTIR difference spectra for the photoreaction of 5,6-di-
hydroisorhodopsin to the intermediates BSI (80 K photoproduct), lu-
mirhodopsin, and metarhodopsin-I. Spectral resolution is 2 cm™.
Negative bands are due to the initia! state, and positive bands are due
to the photoproduct. The negative band at 1204.5 cm™ was used to scale
the difference spectra to each other. Inserts show the low-frequency
range of the bathorodopsin and lumirhodopsin difference spectra of un-
modified rhodopsin. Approximate scaling of the inserts is based on the
ethylenic modes.

Fourier transform infrared (FTIR) difference spectroscopy®!é is
able to detect conformational changes in the chromophore as well
as in the protein, its application in combination with retinal
analogues appears especially suitable for the study of the chro-
mophore-protein interaction. In a recent investigation we have
shown that removal of the 9-methyl group of retinal (9-de-
methylretinal) allows the formation, even at 80 K, of a lumi-
rhodopsin-like intermediate!” with low HOOP intensities.%!” This
was interpreted by the reduced steric hindrance between the
chromophore and the protein, enabling the planarization of the
chromophore at 80 K. On the other hand, if the 13-methyl group
is removed, a BATHO intermediate is still obtained at 80 K, but
the HOOP bands are upshifted somewhat and exhibit lower in-
tensities as compared to the modes of unmodified BATHO.'®
Furthermore, an additional intermediate, batho—lumirhodopsin,
can be stabilized at ca. 95 K after the decay of BATHO.!%!® This
additional intermediate already possesses low-intensity HOOP
modes characteristic of a planar chromophore although it is formed
well below the temperature at which unmodified lumirhodopsin
can be produced.!® In a recent article it was shown by flash
photolysis experiments that this additional intermediate of 13-

(14) Derguini, F.; Nakanishi, K. Photobiochem. Photobiophys. 1986, 13,
259-283.

(15) Liu, R. S. H.; Mirzadegan, T. J. Am. Chem. Soc. 1988, 110,
8617-8623.

(16) Siebert, F.; Mintele, W.; Gerwert, K. Eur. J. Biochem. 1983, 136,
119-127.

(17) Ganter, U. M.; Schmid, E. D.; Perez-Sala, D.; Rando, R. R,; Siebert,
F. Biochemistry 1989, 28, 5954-5962.

(18) Ganter, U. M.; Girtner, W.; Siebert, F. Eur. Biophys. J. 1990, 18,
295-299.
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Figure 2. Enlarged part of the difference spectra, representing bands of the spectral region of the Schiff base stretching vibration measured in H;O:
left, unlabeled 5,6-dihydro pigment; middle, 15D labeled 5,6-dihydro pigment; right, subtraction of the spectra of the unlabeled pigment from spectra

of the labeled one.

demethylrhodopsin is similar to the BSI intermediate.2° In the
present study, FTIR measurements of the photoproducts of the
artificial pigment 5,6-diH-ISORHO were carried out. The results
pertain to the chromophore—protein interactions in the binding
site and to the nature of the new BSI intermediate.

Materials and Methods

5,6-Dihydroretinal was synthesized as previously reported. Deuter-
ation of the retinal at C-15 was performed by reduction of ester 3 with
LiAlID, and subsequent reoxidation to the aldehyde with MnO,. FTIR
measurements and opsin regeneration were performed as described.?!
Photoproducts were obtained at 80 K (BSI), 140 K (lumirhodopsin,
LUMI), and 210 K (metarhodospin-I, META-I), by illuminating the
pigment with light of wavelengths longer than 495 nm. In the difference
spectra shown, the convention applies that positive (negative) bands are
due to the photoproduct (initial state). To deduce the Schiff base C=N
stretching band of 5,6-diH-ISORHO and its photointermediates in the
difference spectra, the difference spectrum of the unlabeled pigment was
subtracted from the pigment deuterated at C-15.2

Results and Discussion

Figure 1 demonstrates that the 80 K photoproduct (BSI) of
5,6-diH-ISORHO does not exhibit large HOOP vibrations and
that the small bands at 965 and 949 cm™ occur at positions usually
found for coupled modes trans a double bond. Similar small bands
are also observed around 950 ¢cm™! for LUMI and META-I
Therefore, in contrast to native BATHO, for which high intensities
and unusual uncoupled modes trans a double bond are observed,
the retinal chromophore in the BSI intermediate is already planar
and the special protein—chromophore interaction, leading to the
uncoupled behavior, is missing. A similar observation has been
made recently for the low-temperature photoproduct of 9-H-
rhodopsin®!” and for the batho—lumirhodopsin photoproduct of
13-demethylrhodopsin.!? :

The C=N stretching vibration of the Schiff base is a sensitive
indicator for the retinal-protein interaction.3-2% By modifying
the coupling of the NH and CH bending modes to the C=N

(19) Shichida, Y.; Kropf, A.; Yoshizawa, T. Biochemistry 1981, 20,
1962-1968.

(20) Einterz, C. M.; Hug, S. J.; Lewis, J. W.; Kliger, D. S. Biochemistry
1990, 29, 1485-1491,

(21) Ganter, U. M.; Gartner, W.; Siebert, F. Biochemistry 1988, 27,
7480-7488.

(22) Palings, 1.; Van den Berg, E. M. M.; Lugtenburg, J.; Mathies, R. A.
Biochemistry 1989, 28, 1498-1507.

Table I. Summary of the Schiff Base C=N Frequencies (cm™) for
5,6-diH-ISORHO and Its Various Photointermediates

CH= ©CH= UCD=  UCH=
NH ND NH ND
5,6-diH-ISORHO 1661 1631 1638 1614
5,6-diH-BSI 1667 1643 1653 1626
5,6-diH-LUMI ? ~1618  ? 1606
5,6-diH-META-I 1649 1621 1631 1606

stretching mode, the protein influences the C=N frequency. In
addition, the electrostatic interaction may influence the C=N
force constant. Further information is obtained by the downshift
of the C=N stretching mode caused by deuteration of the ni-
trogen: a large downshift is interpreated in terms of strong hy-
drogen bonding of the Schiff base proton. Therefore, additional
evidence of different protein—chromophore interactions prevailing
in the 5,6-diH-ISORHO system relative to native rhodopsin is
obtained from the C=N vibrations of the Schiff base linkage.
The bands were deduced as described in the Materials and
Methods section, by subtracting the difference spectra of the
unlabeled pigment from the respective difference spectra of the
pigment containing retinal deuterated at C-15. Since this carbon
is involved in forming the Schiff base, the deuteration generally
causes a downshift of the C=N stretching frequency. By the
subtraction method, bands which are not affected by deuteration
at C-15 (mainly amide I bands) are cancelled, whereas the un-
shifted C==N stretches of the photoproducts and the shifted band
of the initial state show up as negative bands, and the shifted bands
of the photoproducts and the upshifted mode of the initial state
manifest as positive bands. In Figures 2 and 3, the spectral range
of the Schiff base stretching vibrations is shown for H,O and D,0,
respectively. In the two figures, the left and middle panels rep-
resent the difference spectra of the unlabeled and labeled pigments,
respectively, and the right panel shows the subtraction. The results
are summarized in Table I.

In the first traces of Figure 2, the difference spectra between
5,6-diH-ISORHO and the BSI photoproduct are shown. In the
subtraction, negative lines are observed at 1667 and 1638.5 cm™
and positive lines at 1661 and 1653 cm™. Thus, the line at 1667

(23) Deng, H.; Callender, R. H. Biochemistry 1987, 26, 7418-7426.

(24) Gilson, H. S. R,; Honig, B. H.; Croteau, A.; Zarrilll, G.; Nakanishi,
K. Biophys. J. 1988, 53, 261-269.

(25) Baasov, T.; Friedman, N.; Sheves, M. Biochemistry 1987, 26,
3210-3217.
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Figure 3. Enlarged part of the difference spectra, representing bands of the spectral region of the Schiff base stretching vibration measured in D,0:
left, unlabeled 5,6-dihydro pigment; middle, 15D labeled 5,6-dihydro pigment; right, subtraction of the spectra of the unlabeled pigment from spectra

of the labeled one.

cm™ can be assigned to the CH=NH stretching mode of BSI
which is shifted by 15D labeling to 1653 cm™. The mode of
5,6-diH-ISORHO is located at 1661 ¢cm™! and shifted to 1638.5
cm™! for the labeled pigment. In D,O medium, the BSI modes
can be assigned similarly to 1643 (unlabeled) and 1626 cm™!
(labeled). The vibrations of 5,6-diH-ISORHO are detected at
1631 and 1614 cm™! (first traces of Figure 3). Obviously, the
C=N stretching frequencies of 5,6-diH-ISORHO and the ND-
isotope shift (1661 and 1631 cm™) are similar to native iso-
rhodopsin (1659 and 1630 cm™),1626  Model compound studies
indicated that perturbations in the vicinity of the ring moiety of
the retinal chromophore do not alter the C=N stretching fre-
quency.? Thus, these studies imply a similar Schiff base envi-
ronment in isorhodopsin and 5,6-diH-ISORHO pigments.
However, in contrast to BATHO, which has a C=N stretching
mode identical with isorhodopsin, 2 the BSI intermediate exhibits
an up-shift of 6 cm™ to 1667 cm™! with an ND-isotope shift of
only 24 cm™!. The ND shift of BATHO, however, amounts to
34 cm™'. From the similar positions and ND-isotope shifts in
rhodopsin, isorhodopsin, and BATHO, it was suggested that the
Schiff base environment is not appreciably changed during the
transitions from one species to the other.2'? The alterations in
the C=N mode of BSI, however, clearly show that here the Schiff
base experiences a different environment. The reduced isotope
shift indicates that the hydrogen bond is reduced somewhat. Thus,
the high position of the BST C=N stretch cannot be explained
by very strong hydrogen bonding but must be explained by a more
localized 7-electron system. This is in keeping with the blue-shifted
absorption maximum of BSI relative to its mother pigment. We
note, however, that there is still some uncertainty in evaluating
the Schiff base modes in molecular terms.2”?°

In the subtraction of the difference spectra of 5,6-diH-LUMI
(H,0), only a positive line at 1656 cm™ and a negative one at
1638 cm™ are seen. In D,0O medium, however, two positive lines
at 1632.5 and 1606 cm™ and a larger negative band at 1618 cm™
are observed. The 1632.5-cm™ band can then be assigned to the
CH=ND mode of 5,6-diH-ISORHO which is shifted by 15D
labeling to 1618 cm™! where the band co-adds with the CH=ND
vibrational mode of the 5,6-diH-LUMI (Table I). The corre-

(26) Palings, 1.; Pardoen, J. A.; Van den Berg, E.; Winkel, C.; Lugtenburg,
J.; Mathies, R. A. Biochemistry 1987, 26, 2544-2556.

(27) Lépez-Garriga, J. 1.; Babcock, G. T.; Harrison, J. F. J. Am. Chem.
Soc. 1986, 108, 7131-7133.

(28) Lopez-Garriga, J. J.; Babcock, G. T.; Harrison, J. F. J. Am. Chem.
Soc. 1986, 108, 7241-7251.

(29) Lopez-Garriga, 1. J.; Hanton, S.; Babcock, G. T.; Harrison, J. F. J.
Am. Chem. Soc. 1986, 108, 7251-7254.

sponding 15D shifted line appears at 1606 cm™.. Thus, the bands
which can be assigned to 5,6-diH-ISORHO (D,0) have the same
positions as the corresponding bands in the subtraction of the BSI
difference spectra. It is not easy to explain that only two bands
are obtained in the subtraction of the difference spectra measured
in H,O. The signs and positions agree reasonably with the bands
of 5,6-diH-ISORHO. The bands of 5,6-diH-LUMI, however,
cannot be deduced. Even the LUMI bands cannot be assigned
for the protonated Schiff base, because their low frequencies for
the deuterated Schiff base indicate that considerable deviations
occur as compared to unmodified LUMI, for which the deuterated
Schiff base was located at 1631 cm™.!

In the subtraction of the 5,6-diH-META-I difference spectra,
two positive and two negative lines occur for measurements both
in H,O and D,0. The C=N stretching modes of 5,6-diH-ISO-
RHO are again observed at 1661 cm™ (unlabeled) and at 1643
cm™! (labeled), and the corresponding lines in D,O medium are
located at 1631 and 1616 cm™, respectively. The C=N stretching
vibration of 5,6-diH-META-I can be assigned in H,O to the line
at 1649 cm™ and the shifted vibration to the line at 1631 cm™.
In D,0 medium the positions are 1621 and 1606 cm™.. Therefore,
in META-I the H/D shift is 28 cm™ (Table I).

Since the spectral shifts of the C=N modes caused by the
transitions to the various photoproducts and by the labeling of
the retinal at C-15 are of similar size, one frequently encounters
in the subtraction of the difference spectra a partial overlap of
bands. This causes in many cases the higher intensity of the two
central bands as compared to the two bands located at the higher
and lower frequency side (Figure 2, right panel, upper trace; Figure
3, right panel, all three traces). The consistency of the assignment
of the C=N modes of the protonated and deuterated Schiff base
of 5,6-diH-ISORHO in all the difference spectra demonstrates
the reliability of the method employed. (As can be seen in Figures
2 and 3, the BSI, LUMI, and META-I difference spectra differ
considerably in this spectral range.) Thus, also the assignments
of the photoproduct bands, with the exception of 5,6-diH-LUMI
(H,0), can be taken as justified. The larger ND-isotope shift
in 5,6-diH-META-I indicates a stronger hydrogen bonding than
in unmodified META-1.2' Probably, the low frequency of the
deuterated Schiff base of modified LUMI is also due to a stronger
hydrogen bond (for unmodified LUMI an unusually small isotope
shift from 1635 to 1631 cm™ was observed).?! Significant changes
in the chromophore-protein interaction must be present in the
BSI intermediate causing the high C=N mode although the
hydrogen bond is reduced with respect to 5,6-diH-ISORHO.
Obviously, the greater flexibility of the retinal chain enables the
Schiff base in the photoproducts of 5,6-diH-ISORHO to establish
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interactions with the protein, which still stabilize the protonation
state but which differ considerably from those prevailing in the
native photoproducts.

No strong ethylenic mode can be identified for BSI (Figure
1). According to the well-known A, — C=C stretching frequency
correlation,3®-32 the ethylenic mode is expected around 1560 cm™,
It is known that the infrared intensity of the C=C stretch is much
higher for protonated than for unprotonated retinylidene Schiff
bases.3> However, the results on the C=N stretches clearly show
that BSI constitutes a protonated Schiff base. It is difficult to
account for the exact mechanism that controls the absorption
maximum of BSI, since even the spectra of rhodopsin, iso-
rhodopsin, and BATHO are not fully understood. It has been
suggested that the absorption maximum is regulated by interaction
with a nonconjugated negative charge introduced by the pro-
tein. 336 Thus, it is possible that this interaction is altered in
BSI, causing the blue-shifted absorption maximum and the in-
creased bond alteration, which, in turn, causes the high-frequency

=N mode and the reduced intensity of the C=C mode. It
should be noted that the suggestion of altered interaction with
a negative charge in BSI is consistent with linear dichroism
measurements,'? indicating that both Rho — BATHO and BA-
THO — BSI transitions are associated with major changes in the
orientation of the polyene chromophore. Thus, in spite of the
similar absorption maxima of the protonated Schiff base of 5,6-
diH-retinal in methanol solution (425 nm) and that of BSI (430
nm), and in spite of the relaxed conformation of the latter, the
chromophore—environment interactions in both species are still
different.

In all three difference spectra of the native pigment, a difference

(30) Heyde, M. E;; Gill, D.; Kilponen, R. G.; Rimai, L. J. Am. Chem. Soc.
1971, 93, 6776—6780.
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4712-4721.
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band is observed around 1770 cm™ which shifts in D,O to 1760
cm™! and which, therefore, can be assigned to a protonated car-
boxyl group (Figure 4). This band is also detected in the BSI
difference spectrum but can hardly be identified in the 5,6-diH-
LUMI spectrum (Figure 5). In both META-I spectra, the sign
of the difference band is reversed, the photoproduct absorbing now
at lower frequencies. This shows that in LUMI of the modified
pigment, both the protein and the retinal are just flexible enough
to allow the distortions of the carboxylic group occurring in the
BSI intermediate to be reversed. The META-I spectra of both
species indicate that, since the protein in LUMI was still not in
a relaxed and stable conformation, it further interacts with the
all-trans geometry of the retinal by changing the environment of
this carboxyl group, causing the downshift of the carbonyl band.
This effect is even more pronounced for the metarhodopsin-II
intermediate of the unmodified pigment.!” (It was not possible
to stabilize a metarhodopsin-II intermediate of 5,6-diH-iso-
rhodopsin for a long enough period to record the difference
spectrum (ca. 10 min), probably due to a rapid decay to meta-
rhodopsin-1II).

The lines around 1735 cm™! of the 5,6-diH-LUMI difference
spectrum (Figure 5) can be explained by a superimposition of a
difference band at 1740/1732 ¢cm™ and a negative band at 1729
cml, In D,0, the latter band, which is not shifted by D,0, is
almost cancelled by the positive band of the shifted difference
band. The difference band is also observed in native rhodopsin
(1739/1734.5 cm™) and was assigned to a second carboxyl group
(Figure 4).2! However, instead of the negative band which is
insensitive to D,0, another small difference band at 1732/1725
cm}, also insensitive to D,O (Figure 4), was observed. It was
attributed to the amide-I band of a twisted peptide chain. In the
unmodified pigment, only with the formation of META-I is the
difference band replaced by a negative peak (Figure 4). This was
interpreted by the assumption that in META-I the twist is released,
causing an amide-I band at the usual position below 1700 cm™.!7
Thus, the data on the 5,6-diH-pigment indicate that here the twist
is already released in the LUMI intermediate. The observation
of a negative band which is not shifted by D,0, without a con-
comitant appearance of a positive band between 1720 and 1690
cm™! further corroborates our earlier conclusion that the corre-
sponding band of the native pigment is not caused by a buried
carboxyl group: it is unlikely that already in LUMI a depro-
tonation occurs (for the unmodified pigment, this can be excluded)
or that the band of a protonated carboxyl group is shifted below
1690 cm™.

In the 5,6-diH-META-I difference spectrum (Figure 5), the
negative band at 1729 cm™ can be resolved into two bands by
Fourier deconvolution: the first one at 1728 cm™, which is not
affected by D,0, and the second at 1734 cm™ in H,O and at 1724
cm™ in D,0. Since the D,O-sensitive band is negative, it rep-
resents a deprotonation of a carboxyl group. This deprotonation
process has also been observed in rhodopsin at 1737 cm™! (Figure
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4) but with the concomitant protonation of a third group absorbing
around 1710 cm™, keeping the total number of charges constant.!”
It is not clear which mechanism shields the additional charge in
5,6-diH-META-I.

The data presented in this work provide evidence that saturation
of the 5,6-double bond of the retinal chromophore leads to the
formation of a new intermediate (BSI) at 80 K, in which the
retinal chromophore adopts a relaxed conformation, although the
protein can be assumed to be rather rigid at this temperature. This
phenomenon is indicative of a tightly packed protein geometry
in the vicinity of the ionylidene ring which hinders the relaxation
of the twists caused by the cis—trans isomerization at the BATHO
stage of the unmodified pigment. Due to the greater flexibility
of the chromophore in 5,6-diH-ISORHO, the relaxation process
can occur already at lower temperatures. In the native pigment,
since the relaxation process leading to the BSI intermediate is
slower, it can be resolved at room temperature with use of na-
nosecond spectroscopy.!? These results show that the steric in-
teraction of the chromophore with the protein is important in
regulating the relaxation process during the reaction cascade. This
agrees well with the previous results on the photoreactions of

9-demethylrhodopsin!” and of 13-demethylrhodopsin,'3!® which
also possess a blue-shifted intermediate either at the BATHO state
(9-demethylrhodopsin) or between BATHO and LUMI (13-de-
methylrhodopsin). The similarity between the BSI intermediate -
and the additional intermediate of 13-demethylrhodopsin has been
emphasized recently.?

In addition, in the LUMI and META-I intermediates of the
artificial pigment, cis-5,6-diH-ISORHO, molecular changes of
the protein occur which differ from those observed for the cor-
responding unmodified intermediates. Some of these molecular
changes take place already at lower temperature. Again, this can
be explained by the greater flexibility of the retinal chain. The
possibility that these alterations affect the G-protein activation
is under investigation in our laboratory.
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Abstract: Mosher’s ("H) method to elucidate the absolute configuration of secondary alcohols was reexamined by use of high-field
FT NMR spectroscopy, which enables assignment of most of the protons of complex molecules. There is a systematic arrangement
of Ad (8 — 8g) values obtained for the (R)- and (S)-MTPA esters of (-)-menthol, (-)-borneol, cholesterol, and ergosterol,
the absolute configurations of which are known. Analysis of the Ad values of these compounds led to a rule that could predict
the absolute configurations of natural products. When this rule was applied to some marine terpenoids including cembranolides
and xenicanes, their absolute configurations were assigned and a part of the results were confirmed by X-ray structural analyses.
In the case of sipholenol A, which has a sterically hindered OH group, this rule is inapplicable. But the problem is overcome
by inverting the OH group to a less sterically hindered position; the resulting epimer gives systematically arranged Ad values,
which enabled the elucidation of the absolute configuration. Comparison of the present method with Mosher’s '*F method

indicates that the latter one using *F NMR lacks in reliability.

Introduction

Determination of the absolute configurations of organic com-
pounds has become an important task of the natural products
chemist as well as the synthetic chemist. There are a few physical
methods, e.g., exciton chirality method! and X-ray crystallography,
that fill this need, but they have some limitations. There are also
several chemical methods used to predict the absolute configu-
rations of organic substances.2 Among them, Mosher’s method?
using 2-methoxy-2-phenyl-2-(trifluoromethyl)acetic acid (MTPA)
esters has been most frequently used.

Mosher proposed? that, in solution, the carbinyl proton and ester
carbonyl and trifluoromethyl groups of the MTPA moiety lie in
the same plane (Figure 1A).* The PCILO calculation® on this
MTPA derivative demonstrates that the proposed conformation
is one of the two stable conformations. Another stable confor-
mation is the one in which the methoxy group comes close to the
ester carbonyl. On the other hand, the X-ray studies on the
(R)-MTPA esters of 4-trans-tert-butylcyclohexanol® and 1-
(R)-hydroxy-2(R)-bromo-1,2,3,4-tetrahydronaphthalenef® reveal
that the MTPA moiety is in the conformation that is almost
identical with the one proposed by Mosher. Furthermore, the band
profile analysis® of the IR adsorptions (in CCl,) on the (R)-MTPA
esters of several cyclohexanols exhibits that the Mosher’s con-
formation of the MTPA moiety is much more preferable (7:3)

* University of Tsukuba.
tTel-Aviv University.

than the one with CF; group anti (§ = 180°) to the ester carbonyl.

When the MTPA group is in the hypothesized conformation,
Mosher pointed out that the '"H NMR signal of L2 of the (R)-
MTPA ester will appear upfield relative to that of the (S)-MTPA
ester due to the diamagnetic effect of the benzene ring. When
Mosher first put forward this analysis, the NMR instruments most
commonly available were 60~100-MHz instruments and the
complete assignment of protons of complex organic molecules was
practically impossible. This is mainly why the modifications using
15F NMR? or lanthanide-shift reagents’ have been used instead
of the original method.
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