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ABSTRACT We have obtained Raman spectra of a series of all-zrans retinal protonated Schiff-base isotopic derivatives.
3C-substitutions were made at the 5,6, 7,8, 9, 10, 11, 12, 13, 14, and 15 positions while deuteration was performed at
position 15. Based on the isotopic shifts, the observed C—C stretching vibrations in the 1,100-1,400 cm™' fingerprint
region are assigned. Normal mode calculations using a modified Urey-Bradley force field have been refined to
reproduce the observed frequencies and isotopic shifts. Comparison with fingerprint assignments of all-trans retinal and
its unprotonated Schiff base shows that the major effect of Schiff-base formation is a shift of the C,,—C,; stretch from
1,111 cm™' in the aldehyde to ~1,163 ¢cm ™" in the Schiff base. This shift is attributed to the increased C,,—C;; bond
order that results from the reduced electronegativity of the Schiff-base nitrogen compared with the aldehyde oxygen.
Protonation of the Schiff base increases =-electron delocalization, causing a 6 to 16 cm™' frequency increase of the
normal modes involving the C4—C,, C,—C,,, C;,—C,3, and C,,—C,; stretches. Comparison of the protonated Schiff
base Raman spectrum with that of light-adapted bacteriorhodopsin (BRs.s) shows that incorporation of the all-trans
protonated Schiff base into bacterio-opsin produces an additional ~10 cm ™' increase of each C—C stretching frequency
as a result of protein-induced =-electron delocalization. Importantly, the frequency ordering and spacing of the C—C

stretches in BR g, is the same as that found in the protonated Schiff base.

INTRODUCTION

The Schiff bases of retinal serve as the light-sensitive
prosthetic groups in both rhodopsin, the vertebrate visual
pigment, and bacteriorhodopsin, the light-driven proton
pump of Halobacterium halobium (1,2). The retinal
chromophore in rhodopsin is an 11-cis protonated Schiff
base (PSB) that photoisomerizes to a distorted all-trans
configuration in the formation of the primary photopro-
duct, bathorhodopsin (3). Thermal decay of bathorhodop-
sin produces distinct spectral intermediates containing
both protonated and unprotonated all-zrans Schiff bases.
In contrast to rhodopsin, the retinal chromophore in light-
adapted bacteriorhodopsin (BRsg) is an all-trans proton-
ated Schiff base that undergoes a cyclic photochemical
reaction involving both chromophore isomerization about
the C,,—C,, bond and Schiff base deprotonation/repro-
tonation. Thus, the protonated Schiff base of all-trans
retinal plays an important role in the photochemistry of
both pigments.

Raman and infrared vibrational spectra have been
obtained of the retinal chromophore in both rhodopsin and
bacteriorhodopsin in an effort to determine the molecular
mechanism of excitation in these systems (4-7). Compari-
son of pigment spectra with those of retinal Schiff base
model compounds has been used qualitatively to examine
the chromophore configuration in rhodopsin (8) and its
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photointermediates (3,9-11), and in bacteriorhodopsin
(12-15). However, since the protein environment can alter
both the frequencies and intensities of the vibrational lines,
accurate interpretation of these pigment spectra requires
specific vibrational assignments in the pigments and in the
retinal model compounds. Early assignments of all-trans
retinal were made by Rimai et al. (16) and Cookingham et
al. (17). Recently, a more detailed assignment and analysis
of the retinal isomers has been carried out by Curry et al.
(18-20), and calculations have also been reported by Saito
and Tasumi (21). However, the vibrational spectra of the
Schiff bases and protonated Schiff bases of retinal have not
yet been analyzed.

Here we present Raman spectra of the protonated Schiff
base of all-trans retinal (I)

SCHEME 1

CHy

0006-3495/85/05/653/12  $1.00 653




and its "*C-isotopic derivatives. These isotopic derivatives
were selected to assign the major C—C stretching vibra-
tions in the 1,100-1,400 cm™' fingerprint region. By
comparing the protonated Schiff-base spectrum and
assignments with those of the retinal aldehyde and Schiff
base, the effects of Schiff-base formation and protonation
of the Schiff-base nitrogen are elucidated. Further com-
parison with spectra of BR;e; allows us to identify and
interpret the spectral changes that result from incorpora-
tion of the retinal protonated Schiff base into bacterio-
opsin.

MATERIALS AND METHODS

Experimental Methods

All-trans retinal derivatives were synthesized according to recently
published procedures (22-24). The '*C-derivatives were 92% isotopically
pure at each position and =98% isomerically pure as shown by mass
spectrometry, nuclear magnetic resonance (NMR) spectroscopy, and
high-performance liquid chromatography. The C,s—D derivative was
>98% isotopically and isomerically pure. Crystalline all-trans retinal was
purchased from Eastman Kodak Co. (Rochester, NY) and used without
further purification.

The Schiff base of all-trans retinal was synthesized by addition of
n-butylamine (threefold excess) to ~1 mg of retinal in 1 ml of dry diethyl
ether at 0°C. The reaction was carried out over 4-A molecular sieves in a
thin-walled centrifuge tube. After 30 min, the ether and excess n-
butylamine were evaporated with dry nitrogen, and the unprotonated
Schiff base was redissolved in ether. Protonation was accomplished by
addition of ether saturated with HCI gas. Crystals of the protonated
Schiff base were pelleted and washed once with ether. The excess ether
was evaporated with dry nitrogen and the tube sealed under nitrogen to
prevent oxidation during the Raman experiments.

Raman spectra of the protonated Schiff base (PSB) were obtained
using 25-30 mW of 752-nm excitation (cylindrically focused) from a
Spectra Physics 171-01 krypton ion laser (Spectra-Physics Inc., Moun-
tain View, CA). Raman spectra of the unprotonated Schiff base in CCl,
were obtained using 40 mW of 676-nm excitation cylindrically focused on
a stationary sample. In both cases, the far-red laser excitation was used to
minimize photoisomerization of the sample. No evidence of isomerization
or sample degradation was observed in successive scans. The data were
smoothed using a three-point sliding average. The spectral resolution was
4 cm~' and peak positions are accurate to 2cm™',

Computational Methods

Vibrational calculations were performed using the Wilson FG method as
described by Curry et al. (18). The geometry of the all-trans retinal
protonated Schiff base was calculated using the QCFF/PI method (25).
The n-butyl group was replaced by a CH,R group, where R is an atom
having mass 15, unit valence, and the potential parameters of a saturated
carbon atom. The sp’ carbon centers were forced to be tetrahedral and
carbons 1, 4, and 18 of the ionone ring were replaced by R atoms. The
initial force field for atoms distant from the Schiff base was the same as
the most recent version used for all-trans retinal (20); force constants for
the HC—NH—CH,R group were set equal to the values used for the
most nearly equivalent groups of all-trans retinal (Table I). The HC—=N
and C=NH Urey-Bradley constants were adjusted to fit the shifts of the
1,654 cm~' C—N stretching mode in the 15-deuterio (15D) and N-
deuterio (ND) derivatives. The force constants for the conjugated chain
stretches from C; to N, as well as the HC—N and C—NH bending
constants, were then refined to fit the observed frequencies (or, when
appropriate, frequency shifts) of the PSB derivatives. The essential
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assumption is that the remaining constants are best constrained to reliable
values derived from smaller model compounds and all-trans retinal where
more extensive isotopic data were employed in the analysis. Thus, the
bending Urey-Bradley and non-Urey-Bradley constants for interactions
distinct from the Schiff base and for the methyl groups were unchanged
from the retinal values. At least for the CCH rocks, all of which have the
same constants, this is justified. The vinyl rocks at 1,270 and 1,280 cm™"
are at virtually the same frequency in the aldehyde, the Schiff base, and
the protonated Schiff base (see below). Ten force constants (see Table I)
were adjusted to fit 128 in-plane frequencies of the unsubstituted, 15D,
and "*C-labeled derivatives with a rms error of 5.3 cm™' (maximum error
15cm™").

RESULTS

C—C Stretches

The 1,100-1,400 cm™' fingerprint region consists of mixed
C—C stretching and CCH rocking vibrations whose fre-
quencies and intensities are sensitive to the geometry of the
retinal chromophore. The contribution of a particular
C—C internal coordinate to a fingerprint normal mode
can be accurately determined from its '*C-shift. Thus, it is
convenient to discuss the fingerprint vibrations in terms of
their C—C stretch character, which is in many cases
highly localized, even though each mode has significant
contributions from CCH rocks. For example, the spectra in
Fig. 1 show that a normal mode consisting predominantly
of the C,,—C,s stretch is localized at 1,191 cm™! in the
native PSB spectrum. This is based on the 19 ¢m™' shift of
this line to 1,172 ¢cm ™' in the 14,15-di["*C] derivative. The
C,,—Cs coordinate contributes only slightly to one other
fingerprint mode at 1,237 cm™! in the native spectrum as
evidenced by the 3 cm™' shift of this line in the 14,15-
di["C] derivative. Similarly, the 1,159 cm~' line in the
native spectrum is clearly assigned as the C,,—C,, stretch
based on its 12 cm™' shift to 1,147 cm™! in the 10,11-
di[®C] spectrum (Fig. 1 E). The C,—C,, stretching
coordinate in this derivative mixes with and donates inten-
sity to modes at 1,114 and 1,121 cm~', which can be
assigned to ionone ring modes based on their correspon-
dence to the 1,123 and 1,134 cm™' ionone ring modes in
all-trans retinal (18). The C4—C, stretch is assigned to the
1,204 cm ! line in the native PSB spectrum based on an ~9
cm ™" shift of this line to ~1,195 cm~" upon *C-substitution
at C, (Fig. 1 F). Labeling at C,, (Fig. 1 C) results in a shift
in both the 1,159 cm™' line (3 cm™') and the 1,237 cm™!
line (7 cm™"). The normal mode having the most C,,—C;
character is the 1,237 cm™' line although this internal
coordinate is not highly localized in any one normal mode.
Interestingly, neither 8-["*C] nor 12-["*C] substitution
causes significant shifts of the 1,204 or 1,237 cm™' lines,
respectively. As will be discussed below this is a unique
characteristic of methyl-substituted C—C stretches.
Finally, the C,—C, stretch is apparently too weak or
delocalized to be observed; no significant vibrational shifts
occur in the fingerprint region of the 6-['*C] and 7-["*C]
PSB derivatives (Figs. 1 H and I). However, the C.—C,
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TABLE 1
ALL-TRANS RETINAL PROTONATED SCHIFF-BASE FORCE FIELD*

Coordinate Force constant Coordinate Force constant
Chain stretches CH, group
K(5=6) 6.40 K(CH) 4.709
K(7=8) 6.56 H(CCH) 0.389
K(9=10)| 6.34 (6.22) H(HCH) 0.506
K(11=12)| 6.22 (6.46) F(CCH) 0.48
K(13=14)| 6.20 (6.10) h(HCH, HCH) —-0.012
K(6—7) 3.57 h(CCH, CCH) 0.034
K(8—9)| 3.48 (3.6) K(C—CH,) 2.55
K({10—11)| 3.86 (3.85) F(HCH) 0.13
K(12—13)| 4.13 (3.63)
K(14—15)| 4.01(3.13) New coordinates
e o K
K(Ci4H) 4.00 K(N—C) 2.75
K(NH) 4.83
Chain bends K(CH) n-butyl 4.71
K(CR) n-butyl 2.23
H(CCC) 0.570
H(C=CH) 0.288 H(C—C=N) 0.57
H(C—CH) 0.300 H(HC=N)| 0.272
H(CCC) R group 0.75 H(C=NH)| 0.392
H(CCC) cis} 0.82 H(C=N—C) 0.82
H(HN—C) 0.329
Urey-Bradley H(N—CH) 0.389
H(N—C—R) 0.69
F(C=CH) 0.52 H(HCH) n-butyl 0.506
F(C—CH) 0.49 H(R—CH) 0.329
F(CC—CH,) 0.59
F(cca) 0.35 F(C—C—N) 0.80
Non-Urey-Bradley izgiN:; ggg
k(C—C, C—C) one bond apart -0.31 F(C=N—C) 0.59
k(5—6, 7—8) -0.02 F(HN—C) 0.55
k(C=C, C—C) adjacent 0.056 F(N—CH) 0.48
k(C—C, C—C) one bond apart -0.09 F(N—C—R) 0.32
k(CC, C—CH,) adjacent —-0.14 F(HCH) n-butyl 0.13
k(CC, CC) long range§ ~0.04 F(R—CH) 0.55
m(CC, bend) 0.07
h(HC=N, C=NH) 0.05
h(CCH, CCH) or h(CCC, CCH) trans 0.06
h(CCC, CC—CH,) trans 0.04
h(CCC, CC—CH,) cis 0.338
h(CCC, CCC) trans 0.145
h(CCC, CCC) cis 0.17

*Maodified Urey-Bradley force field adapted from reference 20. The symbol | indicates force constants that were adjusted during refinement. Numbers
in parentheses are initial all-zrans retinal force constants. Symbols used: K, diagonal stretch; H, diagonal bend; F, Urey-Bradley quadratic constant
(linear term set equal to —0.1 F); k, stretch-stretch interaction; &, bend-bend interaction (two common atoms); m, stretch-bend interaction (one common
atom). Stretching force constants in millidynes per angstrom, stretch-bend cross terms in millidynes per radian, bending constants in millidynes per
angstrom per radian squared. A listing of the geometry can be obtained by writing the authors.

$Applies to all CCC or CCCH, bends that are cis to another such bend.
§Applies to pairs of chain stretches separated by three or five bonds. Interactions involving the C;—C, bond have not been included.

stretch should appear at a similar frequency to that found

in all-trans retinal (1,174 cm™").

The calculated normal modes for the all-trans PSB are
given in Table II, and the calculated and observed “C-
shifts are summarized in Table III. It is important to
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realize that the contribution of a C—C internal coordinate
to the potential energy of a normal mode is ~ V6 larger

"than a CCH rock with a similar coefficient because of their

different reduced mass. Therefore, despite the significant
contribution of CCH rocks to the modes in the 1,150-1,250

655




1563
— 1592 4
1612
1631

| 1 | 1 1 1

m
-1563

| 1 1 1 | 1

800 1000

1200 1400 1600
FREQUENCY (cm~')

FIGURE 1

800 1000 1200 1400 1600

Raman spectra of the protonated n-butylamine Schiff base of all-trans retinal (4), and its 14,15-di[*C] (B), 13-*C (C), 12-"*C

(D), 10,11-di['*C] (E), 9-°C (F), 8-"*C (G), 7-">C (H), 6-*)C (I) and 5-"’C (J) derivatives. Spectra were obtained from microcrystalline
precipitates of the chloride salt at room temperature with 752-nm excitation. The insert in A gives the spectrum of the Schiff-base region for

the ND derivative.

cm™! region, these modes are best discussed as C—C

stretches. The C,,—C,; stretch is calculated at 1,187 cm™!
and is relatively localized, with a small out-of-phase contri-
bution from the C,,—C,; stretch. The C;—C, stretch is
calculated at 1,199 cm™' as a symmetric combination of
the C.—C,, C,(—C,,, and C,,—C; stretches, consistent
with its large Raman intensity.! The good agreement
between the calculated and observed '*C-shifts (Table 111)
for the 1,204 cm ™' Cy—C, stretch demonstrates that the
normal mode description is qualitatively correct. The
C,,—C,, stretch is calculated at 1,223 cm ' and contains a

'The intensity of a normal mode in the Raman spectrum is a function of
the magnitude of the coefficients of each of the internal coordinates that
make up the mode as well as the individual bond length changes that
occur in each internal coordinate upon electronic excitation. In addition
the intensity will depend on the phase with which these internal coordi-
nates are combined to form the normal mode. For example, in a normal
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large contribution from the C,,—C,s stretch and the C,,H
rock. We were not able to accurately reproduce the
experimental 1,237 cm™' frequency of the C,,—C,;
stretching vibration or to obtain enough C,,—C,; stretch
character in the 1,159 cm™' mode to be responsible for the
3 cm ™! shift of this line in the 13-['*C] derivative (Table
III). The calculated normal mode at 1,223 cm~'is 14 cm™'
lower than observed, even with a C,,—C,; stretching force
constant that is considerably elevated over that of all-trans
retinal. Further increases in the C,,—C,; force constant
act mainly to drive stretching character out of the 1,223

mode that is a symmetric combination of more than one C—C stretch, the
individual bond length changes will contribute constructively to give an
intense Raman line. In an antisymmetric combination, cancellation will
occur and the Raman intensity will be reduced. This is generally true for
polyenes because the C—C bond lengths all decrease in the excited state.
Paralle! arguments apply for the double-bond stretches.
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TABLE 11

ALL-TRANS RETINAL PROTONATED SCHIFF-BASE NORMAL MODES

Frequency
Normal mode
Experimental Calculated
1,654 cm™ 1,654 cm™! 0.35(C=N) - 0.18(14—15) + 0.61(15H) — 0.67(NH)
— 1,609 0.40(5—6) — 0.16(6—7)
1,612 1,597 0.30(7—=8) — 0.18(9=10) — 0.11{(11=12) — 0.13(6—7) + 0.14(10—11) ~
0.08(8—9) + 0.54(7H) — 0.40(8H)
1,596 1,589 0.33(13—14) — 0.14(7=8) — 0.13(9=10) — 0.13(14—15) — 0.49(14H)
1.563 [ 1,568 0.31(9—10) + 0.15(13=14) — 0.15(11=12) — 0.12(8—9) + 0.07(12—13)
' 1,563 0.31(11==12) — 0.18(12—13) — 0.15(10—11) — 0.59(12H) + 0.56(11H)
1,363 1,365 0.56(14H) — 0.51(15H) — 0.24(13—CH,) + 0.11(12—13) + 0.13(14—15)
~1.350 [ 1,356 0.67(NH) — 0.59(10H) + 0.15(9—CH;) + 0.17(12—13)
’ 1,348 0.77(NH) - 0.52(15H)
1,345 1,338 0.62(15H) + 0.53(10H) + 0.45(NH) + 0.12(8-—9) + 0.12(12—13) -
0.16(9—CH,)
1,305 1,307 0.65(8H) + 0.45(12H) — 0.29(15H) + 0.23(8—9) — 0.11(6—7) —
0.11(9—CH,)
1282 [ 1,287 0.94(7H) — 0.43(12H) — 0.11(7=S8)
' 1,284 0.62(12H) — 0.61(8H) + 0.12(11=12)
1,273 1,274 0.94(11H) — 0.56(8H) + 0.10(12—13)
1,237 1,223 0.12(12—13) + 0.08(14—15) — 0.83(14H) — 0.04(13—CH,) +
0.03(11=12) — 0.04 (13=14) — 0.34(12H)
1,204 1,199 0.15(8—9) + 0.07(14—15) + 0.08(10—11) — 0.74(10H) -~
0.07(9—CH;) — 0.04(9=10) — 0.05(11=12)
1,191 1,187 0.26(14—15) — 0.11(12—13) — 0.34(12H) — 0.35(1SH) — 0.27(11H)
— 1,178 0.23(6—7) + 0.40(7H)
1,159 1,162 0.27(10—11) - 0.12(8—9) + 0.32(11H) — 0.03(14—15)
1,131 —_ B-ionone ring mode
1,121 — B-ionone ring mode
1,022 1,019 0.63(9CH,r) — 0.28(13CH,r) — 0.05(8—9)
1,012 1,009 0.72(13CH,r) + 0.21(9CH,r) — 0.06(12—13)
321] — 11,12—A, HOOP and 7,.8—A, HOOP
— 865 0.15(9—CH,) + 0.06(8—9) + 0.19(13—CH,) + 0.05(12—13)
— 841 0.18(9—CH;) + 0.07(8—9) — 0.15(13—CH;) — 0.06(12—13)
793 — B-ionone ring mode

Coefficients (dS/3Q) of internal coordinates S in the normal modes Q. Symbols used: H, in-plane hydrogen rock; r, methyl rock; HOOP, hydrogen

out-of-plane wag.

cm™!

mode without significantly raising its frequency.

results in part from the presence of the Cy- and C,;-methyl

Because of the large contribution of the C ,H rocking
coordinate to this normal mode, its frequency is sensitive to
the CCH rocking force constant and to the interaction
constant between the C,,—C,; stretch and the C,,H rock.
Deuterated derivatives of the PSB should be examined to
accurately refine these constants. Nevertheless, the good
agreement between the calculated and observed shifts of
the 1,237 ¢cm™' line in the 13-["*)C] and 14,15-di{"’C]
derivatives (Table III) indicates that at least the calculated
C—C character in this normal mode is reasonably cor-
rect.

Effect of Methyl Groups on the C;—C, and
C,,—C,; Stretches

The distinctive pattern of vibrational frequencies and
intensities in the fingerprint region of retinal compounds
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groups on the polyene chain. Kinetic coupling of the
C,—C, and C,—C,; stretches with the C;—CH; and
C,;—CH, stretches, respectively, results in symmetric and
antisymmetric combinations of these internal coordinates
in the normal modes. The symmetric combinations,
Ci—Cy + C4—CH,; and C,,—C,; + C;—CH,, are
calculated between 840 and 870 cm™' with no significant
contributions from other internal coordinates (see Table
II). However, the antisymmetric combinations of these
stretches are higher in frequency than the other unsubsti-
tuted C—C stretches, and they interact strongly with the
CCH in-plane rocks and C—C stretches. In the case of
all-trans and 13-cis retinal, the antisymmetric stretch
combinations were calculated and observed to couple
strongly with the C,oH and C,H rocks (18-20). Similarly,
in the PSB the C,—C, — C,—CH, combination is calcu-
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TABLE

I

BC.SHIFTS FOR C—C STRETCHING VIBRATIONS*

Principal C—C stretch component

Derivative
CS——C9 Clo_cll CIZ_CIJ Cll—cls

Native 1,204 (1,199) 1,159 (1,162) 1,237 (1,223) 1,191 (1,187)
14,15-di[**C] 0(1) §(5) 3(3) 19 (23)
13-[*C] 1(0) 3(0) 7 (6) 2(5)
12-[*C] 0(0) 1(0) 1(2) 2(2)
10,11-di{"*C] 2(3) 12 (28)% 2(1) 6 (0)
9-["C] 9(7) 3(5) 1(1) §O
8-["*C} 2(2) 0(1) 0(0) 0(0)

*Calculated *C-shifts are in parentheses. All frequencies are in wavenumbers.

$The calculated shift for the 10,11-di{'*C] derivative is larger than that observed because the downshifted C,(—C,, stretch couples with S-ionone ring
modes at 1,121 and 1,131 cm™". The sum of the *C-shifts of the ionone lines (17 cm~') and the C,,—C,, stretch (12 cm™") is close to the calculated shift

of 28cm™'.
§Not resolved.

lated to contribute to normal modes at 1,199, 1,307, and
1,338 cm™'. Of these three modes, significant C,oH rock
character is calculated at 1,199 and 1,338 cm~!. The
C,—C,; — C,;—CH; combination is calculated to con-
tribute to normal modes at 1,223 and 1,365 cm ™', both of
which contain significant C,,H rock character.

The calculated normal modes for the C,,—C,, stretch,
the C;—C, stretch, and the C,(—C,, stretch are depicted
in Fig. 2 A, B, and C, respectively. It is apparent from the
atomic displacements that the methyl substituted carbons
(13 and 9) move considerably more than carbons 12 and 8
in the C,,—C,; and C;—C, stretching modes, respectively.
These modes are highly mixed combinations of the C—C,
C=C, and C—CHj; stretches and CCH in-plane rocks,
whereas the 1,162 cm™' mode (Fig. 2C) is better
described as a localized C,(—C,, stretch. It is the reduc-
tion of C—C stretch character in the 1,223 and 1,199 cm ™!
modes, in addition to increased CCH rock and C=C
stretch character, which accounts for the reduced motion
of C; and C,, in these modes and hence the reduced
sensitivity to '*C-substitution at these positions.

To determine the origin of the different isotopic shifts
observed between the C; and C,, or C; and C,; positions, it
is useful to separate the net displacement of each atom into
the Cartesian displacements contributed by each internal
coordinate. We begin by examining the 1,223 cm™'
C,,—C,; stretch. Since the magnitude of the displace-
ments along the y-axis are nearly the same for C,, and C,,
(see Fig. 2 A), we need only examine the displacements in
the x direction in detail. The displacement of C,, along the
x-axis due to the C,,—C,, stretch is calculated as —0.052
A. This motion is almost exactly canceled by the x
displacements of C,, due to the C,,—C,, stretch (+0.021
A) and the C;H rock (+0.032 A). However, for C,, the x
displacement due to the C,,—C; stretch (+0.052 A) adds
to that calculated for the C,;==C,, stretch (+0.033 A).
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FIGURE 2 Mass-weighted atomic displacements for selected in-plane
normal modes of the all-trans retinal PSB. (4) The C,,—C,; stretch
(1,223 cm™'). (B) The C.—C, stretch (1,199 cm™'). (C) The C,—C,,
stretch (1,162 cm™").
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The other internal coordinates contribute very little to the
motion of C,, or C,; along the x-axis, so that the net motion
in the x direction is much greater for C,; (+0.088 A) than
for C,, (~0.0 A). It is these differences in the magnitude of
x displacement, primarily due to the phase with which the
C,;=C,, and C,;—C,, stretches mix with the C,,—C,,
stretch, that lead to the large motion at C,; compared with
C,, and hence the observed differences in sensitivity to
"3C-labeling. This contribution of the double-bond internal
coordinates to the C—C stretches can also help to explain
the difference in intensity between the C;—C, and the
C,,—C,; stretching modes. The weak intensity of the
1,237 ¢cm™' line may result from the C,~C,, and
C,,—C,, stretches that contribute out-of-phase with
nearly equal coefficients (Table II).

C=C Stretches

Assignment of the ethylenic modes is more difficult
because the intrinsic frequencies of the C—C stretches are
closer together and thus they mix much more with each
other in the normal modes. The intense ethylenic band at
1,563 cm™' is calculated to have contributions from two
normal modes, one being a relatively localized C,—C,,
stretch at 1,563 cm ™' and the other being a combination of
the C;=C,y, C,;=C,,, and C,;—C,, stretches at 1,568
cm™'. We can evaluate the accuracy of the calculated
mode character by selectively shifting the various local
C=C components down in frequency with '*C-substitution
and comparing with calculated shifts. In the 13-['*C] PSB
spectrum (Fig. 1 C), a new line appears at 1,550 cm~',
presumably resulting from a shift of C,,~—C,, stretch
character out of the higher frequency normal modes to
form a new, more localized, lower frequency vibration.
This line is calculated at 1,552 cm™' and contains substan-
tially more C,;—C,, stretch character (0.30) than the
1,568 cm™' line in the native spectrum (0.15). The inten-
sity of the 1,550 cm™' line indicates that the C,,—C,,
internal coordinate carries significant intrinsic Raman
intensity. In the 9-["*C] derivative (Fig. 1 F), a new line
appears at 1,551 cm™' and the calculations predict that
Cy==C,, character increases in the lower frequency normal
mode, while the C;;=C,, component moves up into the
higher frequency antisymmetric combination (~1,588
cm™'). The relatively high frequency of the ‘C-shifted
lines in these derivatives is consistent with the existence of
Cq~=C,, and C,;=C,, character in only the higher fre-
quency normal mode component of the ethylenic band. In
the 12-["*C] PSB spectrum (Fig. 1 D), a new line appears
at 1,544 cm™', resulting from a shift of the C,—C,,
stretch. The C,,—C,, stretching mode is calculated to shift
to 1,538 cm ! in this derivative, while the 1,568 cm~' mode
is now a combination of mainly the C,—C,,, C,;—C,,, and
C,;=C; stretches with no change in frequency. The low
frequency of the 1,544 cm™' line in this mono-"*C-
derivative is consistent with the description of the lower

SMITH ET AL. Vibrational Analysis of Retinal Schiff Bases

frequency mode in the native spectrum as predominantly
the C,,=—C,, stretch. The shifted 1,544 cm~"' line carries
nearly half of the overall ethylenic intensity. In the 10,11-
di{*C] PSB spectrum (Fig. 1 E) both the C;—C,, and
C,,—C,, components of the 1,563 cm™' band are shifted
resulting in only one intense line at 1,546 cm™'. This
dramatically demonstrates that the majority of the ethyl-
enic Raman intensity arises from the C,~C,, and
C,,=C,, double-bond stretches. The calculation repro-
duced these shifts yielding a C,—C,, + C,,—C,, combina-
tion at 1,541 cm~' and a C,—C,, — C,,—C,, combination
at 1,549 cm~'. C,;==C,, character is calculated to shift up
into the higher frequency mode at 1,589 cm™' in the
10,11-di["*C] PSB, where it presumably mixes out-of-
phase with other internal coordinates, canceling its intensi-
ty. The reasonable reproduction of the '*C-shifts provides
evidence that the normal mode description of the 1,563 and
1,568 cm~' modes in Table II is qualitatively correct. A
more accurate determination of these C—=C normal modes
awaits a detailed analysis of the Raman intensity as well as
deuterium derivative data.

The C~C, and C,=C; stretches are calculated at
1,609 and 1,597 cm™', respectively. The Cc—C; stretch
cannot be assigned since no frequency or intensity changes
are observed in the 5-["*C] or 6-['*C] PSB spectra (Figs.
1 1, J). The C;—=C; stretch is also difficult to assign. The
calculated normal mode for the C,—C; stretch is an
antisymmetric combination of the C;—C;, stretch with the
C,—C,, and C,,—C,, stretches. The observed increase of
intensity at 1,606 cm™" in the 10,11-di['>C] PSB spectrum
(Fig. 1 E) suggests that this mode can be assigned to the
C,=C; stretch since the out-of-phase contributions from
the C4—C,, and C,=C,, stretches, which cancel C,—C,
intensity in the native spectrum, will be reduced when
these stretches are shifted to lower frequencies in the
10,11-di[’C] derivative. The C,—C; stretching mode is
calculated to have shifted down 5 cm™' in the 10,11-
di[*C] derivative. This suggests that the C,—Cj stretch-
ing mode in the native PSB spectrum is 5 cm~' above its
position in the 10,11-di['*C] derivative. Thus, the weak
shoulder at 1,612 cm™' is assigned as the C,—C; stretch in
the native spectrum. This is in agreement with recently
published all-trans retinal assignments based on "’C-
derivatives (20).

Finally, the remaining C—C stretching mode at 1,596
cm~' contains contributions from both the Ce—C,, and
C,;—=C,, stretches. In the 13-[*)C] and 14,15-di["*C] PSB
derivatives, the 1,596 cm™' line shifts 5 cm™' to 1,591
cm™', while in the 9-["*C] derivative this line has disap-
peared, possibly shifting 8 cm™' to 1,588 cm™'. These
results are in reasonable agreement with the calculation
that predicts an antisymmetric combination of the
C,,—C,,, C;—C;, and C,—~C,, stretches at 1,589 cm™".

The C—N stretch can be assigned to the 1,654 cm™' line
based on its 21 cm~' shift to 1,633 cm™' in the 14,15-
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di[*C] derivative (Fig. 1 B), and a 14 cm™' shift in the
N-PSB (shifts summarized in Table [V). Since an iso-
lated C=N stretch would be expected to shift ~35 cm™
upon "“C-substitution at C,; or '*N-substitution of the
Schiff-base nitrogen, other internal coordinates must con-
tribute to the normal mode. The insensitivity of the 1,654
cm™' line to "*C-substitution at other positions along the
retinal chain shows that the chain C=C stretches do not
contribute to this mode. For example, '*C-substitution at
C,; produces a large shift in the ethylenic modes that have
C,;7=—C,, stretching character while no shift in the Schiff-
base vibration is observed. Both the N—H and C,s—H
in-plane rocks, however, are known to couple with the
C=N stretch (11, 12). The extent of coupling is character-
ized by the ND- and 15D-induced shifts of the 1,654 cm™'
line (Table IV). In the ND PSB derivative, the 1,654 cm™'
line shifts 23 to 1,631 cm~', close to the 25-30 ¢cm ™' shift
observed in solution (14, 26), while 15-deuteration shifts
the 1,654 cm ™' line 12 cm~.

Analysis of 15D Substitution

The 15D derivative of retinal has been used extensively in
both Raman (12, 13, 27) and Fourier transform infrared
spectroscopy (6, 7) studies on bacteriorhodopsin and rho-
dopsin. Analysis of the isotopic shifts observed in the 15D
PSB spectrum should help to more clearly explain the
changes observed in the pigment spectra. Raman spectra of
15D and 14,15-di['>C],15D PSBs are shown in Fig. 3. The
C,s—H in-plane rock is assigned at 1,345 cm™' in the
native PSB spectrum (1,338 cm ™' calculated) based on the
disappearance of this line in the 15D PSB spectrum (Fig.
3 A); the deuterated rock is tentatively assigned at ~986
cm~' (985 cm~' calculated) based on the appearance of a
shoulder at this frequency in the 15D and 14,15-
di["*C],15D spectra. Other changes in the fingerprint
region of the 15D PSB spectrum result from removal of
C,s—H rock coupling with the C—C single-bond
stretches. In particular, the 1,191 and 1,237 cm™' lines
have either lost intensity or shifted in frequency, and the

TABLE IV
ISOTOPIC SHIFTS OF THE C=N
STRETCHING MODE*

Derivative PSB BR ¥
15N 14§ (18) 13
14,15-di["C] 21 (30) 18
ND 23 (20) 16
15D 12 (12) 10

*Calculated shifts are in parentheses. All frequencies are in wavenum-
bers.

$From Smith, S. O., M. S. Braiman, A. B. Myers, J. A. Pardoen,
C. Winkel, P. P. J. Mulder, J. Lugtenburg, and R. Mathies. Manuscript
in preparation.

§Spectrum not shown.
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1,161 cm~' line has gained intensity. Based on our calcula-
tions (Table V), the C,,—C,; stretch should shift up ~20
cm™! upon 15-deuteration.” Thus, the C,,—C,; stretch at
1,191 ¢cm™" in the native PSB has probably shifted up
beneath the intense 1,204 cm ™' line in the 15D derivative.
The appearance of a shoulder at 1,190 cm™' in the
14,15-di[*C],15D derivative (Fig. 3 B) supports this con-
clusion since '*C-substitution at positions 14 and 15 should
shift the C,,—C,, stretch down by ~25 cm ™', canceling the
shift induced by 15-deuteration (Table VI). Increased
intensity at 1,161 cm ™' in the 15D PSB presumably results
from a decrease of C,,—C,; stretch character in this mode.
Although the calculation shows only a small out-of-phase
component of the C,,—C,; stretch at 1,162 cm™' in the-
native PSB, this component is calculated to decrease in the
15D derivative. Loss of intensity in the 1,237 cm™' C,,—
C,; stretch upon 15-deuteration has been interpreted as
being due to the shift of a normal mode involving mostly
the C,,—C; stretch and/or C;s—H rock (18, 27). How-
ever, the calculated 1,223 cm™' line is a symmetric combi-
nation of the C,,—C,; and C,,—C, stretches in the native
PSB, which shifts down 1 cm~' and becomes an isolated
C,,—C,; stretch in the 15D derivative (Table V).? Thus,

?In all-trans retinal, a much larger shift (38 cm ") of the C,,—C,; stretch
was observed upon 15-deuteration (18). The larger shift in all-trans
retinal results from greater interaction with the C,D rock, which is closer
in frequency to the C,,—C,; stretch in all-trans retinal (1,111 cm™') than
in the PSB (1,191 cm™").
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TABLE V
15D PROTONATED SCHIFF-BASE C—C
NORMAL MODES

Frequency
Normal mode
Experimental  Calculated
em™!
1,230 1,222 0.14(12—13) — 0.81(14H) —
0.41(12H) — 0.05(13—CH,)
1.204 [1.207 0.24(14—15) — 0.31(15D)
1,198 0.14(8—9) — 0.72(10H) —
0.54(12H) — 0.33(8H) -
0.07(9—CH,)
— 1,178 0.23(6—7) + 0.40(7H)
1,161 1,162 0.27(10—11) — 0.12(8—9) +

0.33(11H) — 0.01(14—15)

15-deuteration does not remove a normal mode from the
1,235 cm™! region, but merely causes a change of intensity
because of altered mixing with the C,,—C,; stretch. The
weak lines at ~1,230 cm™' in the 15D and 14,15-
di["C],15D spectra may be due to the residual C,,—C;
stretch.

DISCUSSION

Now that the major fingerprint vibrations of both all-trans
retinal (18) and the all-trans retinal PSB have been
assigned, it is possible to compare the aldehyde, Schiff base
and protonated Schiff-base spectra and discuss the effects
of Schiff-base formation and protonation on the Raman
spectrum. Furthermore, comparison of the PSB spectrum
to that of BRsg should permit the identification of the
spectral changes that result from protein binding. Fig. 4
presents Raman spectra of all-zrans retinal, its unproton-
ated and protonated Schiff bases, and BR;. The vibra-
tional frequencies of the C—C stretches are correlated in
Fig. 5.

We begin by summarizing the vibrational assignments
of the C—C stretches in all-trans retinal (18). The lowest
frequency stretch is the 1,111 cm™' C,—C,s stretch,
which is an intense, easily assigned line in the infrared. The
C,—C,, stretch is at 1,163 cm™', a characteristic fre-
quency for a single-bond stretch in an unsubstituted linear
polyene. The two methyl-substituted stretches,

?Another possibility is that the 1,237 cm ™' line is actually an antisymmet-
ric combination of the C,,—C,, and C,,—C,s stretches, and that
15-deuteration increases the contribution of the out-of-phase C;—C,s
stretch to this normal mode, which would reduce the Raman intensity.
The calculated frequency ordering of the symmetric and antisymmetric
stretch combinations can be changed most simply by adjusting the
(C,,—C,1, Ci—C,;) coupling constant. The magnitude of this coupling
constant must be increased from —0.09 to approximately —0.40 to put
the antisymmetric combination above the symmetric one. Such a large
change in the force field from the all-trans retinal values seems unlikely,
implying that the assignment of the 1,237 cm™' line as a symmetric
combination of the C,;,—C,; and C,,—C,; stretches is correct.
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FIGURE 4 Raman spectra of all-trans retinal (A), its unprotonated
Schiff base (B), and its PSB (C), are compared with the spectrum of
BRyg; (D). The retinal and unprotonated Schiff-base spectra were
obtained with stationary CCl, solutions using 676-nm excitation. The
BR ¢ spectrum was obtained with a flowing aqueous suspension of purple
membrane using 514.5-nm excitation.
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FiGURE § Correlation diagram of the C—C single-bond stretches in the
fingerprint of all-trans retinal (ATR), its Schiff base (S8B), its protonated
Schiff base (PSB), and BR,,. Vibrational levels connected by cross-
hatched correlation lines indicate normal modes that are strongly mixed
with one another. The additional line that is mixed with the C;,—C,;
stretch at ~1,250 cm™' in BRy mady originate from a f-ionone ring or
lysine mode (20).
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TABLE VI
14,15—di["C],15D PROTONATED SCHIFF-BASE C—C
NORMAL MODES

Frequency
Normal mode
Experimental Calculated
cm™!

1,230 1,221 0.14(12—13) — 0.79(14H) -
0.42(12H)

1,204 1,198 0.15(8—9) — 0.73(10H) —
0.49(12H)

1,190 1,182 0.25(14—15) — 0.36(15D)

— 1,178 0.23(6—7) + 0.40(7H)
1,160 1,162 0.27(10—11) — 0.12(8—9) +

0.32(11H) — 0.02(14—15)

Cq—C, and C,—C,;, are characteristically higher in
frequency at 1,197 and 1,216 cm ™', respectively.

In the Schiff-base spectrum, the frequencies of the 1,196
and 1,222 cm™' lines are very close to the frequencies of the
Cs—C,and C,,—C,; stretches in the retinal aldehyde and
are therefore reasonably assigned to these modes. Schiff-
base formation should affect mainly the vibrations local-
ized near the Schiff-base end of the molecule. The most
significant difference observed in the Schiff-base spectrum
is the replacement of the 1,163 cm™' C,—C,, stretch in
the aldehyde by two modes at 1,153 and 1,175 cm™".
BC-substitution at C,o and C,, shifts the 1,153 and 1,175
cm™~' modes by 9 and 11 cm™', respectively (Fig. 6 A4),
while "*C-substitution at C,, and C s causesa 12 cm~' drop
in the 1,175 cm™' line (Fig. 6 B). The frequency shift of
the 1,153 cm™' line in the 14,15-di{"*C] Schiff-base spec-
trum cannot be determined because of its weak intensity.
These shifts argue that the C,,—C,; stretch has shifted up
into near degeneracy with the C,,—C,, stretch and mixes
nearly equally, producing a 20 cm™' splitting between the
modes. This picture is supported by 15D substitution,

«
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FIGURE 6 Raman spectra of the 10,11-di['*C] (4) and 14,15-di['*C]

(B) unprotonated Schiff bases obtained with stationary CCl, solutions
using 676-nm excitation.
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which shifts the C,,—C,; component of these mixed modes
to higher frequency, leaving the C,,—C,, stretch near the
frequency observed in the aldehyde (1,158 cm™') (12).

The most interesting question about the Schiff base is
the origin of the 1,111 — ~1,163 cm™' frequency increase
of the C,,—C ;s stretch. Two possibilities can be identified.
First, the Schiff-base nitrogen is less electronegative than
the aldehyde oxygen and thus has a weaker attraction for
the electrons in nearby bonds. This might cause an increase
in the C,,—C,; bond order and hence an increase in the
diagonal force constant. Second, the C,,—C,; normal
mode may be pushed up in frequency as a result of
interaction with the new coordinates present in the Schiff
base, such as the N—C single bond stretch and the
C,s—N—C bend. '*N-Substitution does not shift any of
the observed fingerprint modes in the Schiff base, suggest-
ing that the N—C stretch is not coupled with the C,,—C;
stretch. Furthermore, normal mode calculations on the
Schiff base show that unless unphysically large coupling
constants between the N—C stretch or C,s-—~N—C bend
and the C,,—C,s stretch are used, <15 cm™' of the
frequency increase of the C,,—C;; stretch can be attrib-
uted to interaction with these coordinates. We conclude
that the dominant factor is an intrinsic increase of the force
constant of the C,,—C,; stretch that presumably results
from the reduced electronegativity of the Schiff-base nitro-
gen.t

Protonation of the Schiff-base nitrogen causes an
increase in w-electron delocalization, which should be
greatest near the Schiff base and decrease toward the
ionone ring. The shift in frequencies of the C—C stretches
upon protonation is in agreement with this prediction. The
frequency increase of the C,,—C,s, C,,—C,3, and C;—C,
stretches are ~28, 15, and 8 cm ™', respectively. This trend
is mirrored in the vibrational calculation which required a
28% increase of K (14-15) and a 14% increase of K
(12-13) from the aldehyde values but no significant
change in the other C—C stretching constants (Table I).
The C,(—C,, stretch in the PSB drops in frequency ~4
cm™' from its intrinsic, 1,163 cm ™! frequency in the Schiff
base. This most likely results from coupling of the C,—C,,
and C,,—C, stretches in the PSB as evidenced by the 6
cm™' drop of the 1,191 cm™' C,,—C,s stretch in the
10,11-di[*C] derivative.

Now that we can trace the changes in the Raman
spectrum resulting from Schiff-base formation and proton-
ation, it is interesting to examine the bacteriorhodopsin
spectrum to see what effects the protein environment has
on the vibrational structure of the retinal chromophore. It

*All-valence electron MNDO calculations on acrolein give a reduction in
the C,,—C,; bond length from 1.489 A in the aldehyde to 1.477 A in the
Schiff base consistent with this picture. Note that QCFF-r calculations
were unable to reproduce the increase in the C,,—C,; stretching
frequency in the Schiff base nor was a reduction in bond length
predicted.
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has been argued that the spectra of BR and its interme-
diates are difficult to interpret because the protein intro-
duces perturbations that make the pigment spectra very
different from the Schiff-base model compounds (12, 15,
28). Comparison of pigment and model compound vibra-
tional assignments allows us to clearly identify both the
differences and similarities. Vibrational assignments of the
C—C stretches in BRs have recently been made using
bacterio-opsin samples regenerated with '*C- and ’H-
labeled retinals (Smith, S. O., M. S. Braiman, A. B.
Myers, J. A. Pardoen, C. Winkel, P. P. J. Mulder,
J. Lugtenburg, and R. Mathies, manuscript in preparation;
29, 30). The C,—C,; stretch is assigned at 1,201 cm™',
the C,,—C,, stretch is at 1,170 cm~!, and the Co—C,
stretch is at 1,214 cm™'. As in the PSB the C,—C,,
stretch in BR, is more delocalized than the other single-
bond stretches. C,,—C,; stretch character is found in the
1,255 cm™' mode as well as a weak line at 1,248 cm™'.
There is also significant C,,—C,; stretch character at
1,170 cm™~'. Comparison of the PSB and BRs assign-
ments allows us to conclude that the frequency ordering of
the C—C stretches is the same in both molecules, but that
all of the C—C stretches are shifted ~10 cm™" higher in
frequency by the protein (see Fig. 5). The similar
frequency ordering and spacing of the C;.—C,, C,,—C,,,
C,—C,3, and C,,—C; stretches suggests that no strong
local protein-chromophore perturbations exist in the
Cs . ... C\  region of the chromophore. This is consistent
with the point charge model for BRsg, which places a
negatively charged amino-acid residue near the ionone ring
(31).

The biggest difference between the PSB and BR; is the
general upshift of C—C stretches and downshift of C—C
stretches. The most obvious explanation is that increased
delocalization of the w-system causes an increase in the
force constants for the C—C stretches and a decrease in
the force constants for the C—C stretches. However, the
calculations of Kakitani et al. (32) show that this effect
alone is insufficient to explain the observed frequency
shifts. An additional possibility is that w-electron delocali-
zation leads to an increase in the potential coupling
between the C—C and C—C stretches. Since the potential
and kinetic coupling constants between these two basis
coordinates have opposite signs, increased delocalization
should reduce the net coupling. The effect of reduced
C—C, C—==C coupling is to increase the frequency of the
C—C stretches and decrease the frequency of the C—C
stretches, as observed.

Comparison of the isotopic data also allows us to exam-
ine the differences between the vibrational properties of the
C=N bond in BRy; and in the crystalline protonated
Schiff base. A detailed analysis of this problem has
recently been presented by Kakitani et al. (32) who argued
that the low frequency of the 1,640 cm~' Schiff base
stretch in BR,, was due to reduced coupling with the
N—H rock. However, the Schiff-base data available to
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Katitani et al. exhibited a large range of values for the
C—NH stretch frequency (1,650-1,662 cm™'), which
makes quantitative interpretation of the differences
between the PSB and BR; difficult. Therefore, it is useful
to repeat this comparison for crystalline PSB’s whose
preparation is presumably more reproducible and whose
structures can be determined by x-ray or solid-state NMR
studies. First, Table IV shows that the '"N- and "“C-
induced shifts of the PSB and BRg; are very similar. The
shifts are 1 to 3 cm™' less in BR, indicating that the
Schiff-base normal mode is only somewhat less localized
than in the PSB. To correctly interpret the deuteration-
induced shifts we must first assign the C,~—H and N—H
rocking frequencies. This is because the amount of cou-
pling between the in-plane rocks and the C=N stretch is
determined in part by their frequency separation. The
C,s—H and N—H rocks have been assigned at 1,345 and
1,348 cm™', respectively, in bacteriorhodopsin (27; Smith,
S. O, M. S. Braiman, A. B. Myers, J. A. Pardoen, C.
Winkel, P. P. J. Mulder, J. Lugtenburg, and R. Mathies,
manuscript in preparation), very close to their assignments
in the PSB at 1,345 and ~1,350 cm™".* These frequencies
are so similar that we are justified in interpreting any
changes in the coupling between the C,s—H and N—H
rocks and the C=N stretch in terms of altered interaction
constants as opposed to altered rock diagonal constants. In
the crystalline PSB the ND-induced shift is 23 ¢m™’,
which is 7 cm™' more than that seen in BRyg. The
15D-induced shift is 12 cm™!, which is 2 cm~' more than
that seen in BR. Thus the 14 cm™' difference between
the frequency of the C—=N stretching mode in the crystal-
line PSB (1,654 cm™') and in BRy (1,640 cm™') can be
partitioned into 7 cm~' due to reduced N—H rock cou-
pling, 2 cm™" due to reduced C,s—H rock coupling, and ~5
cm™' due to a reduction in the intrinsic bond order or
indirect interactions. These data indicate that reduced
N—H rock to C=N stretch coupling is a significant but
by no means the only factor leading to the low C=NH
stretch frequency in BRs4. Interestingly, the N—H rock
coupling in BRy, (16 cm™") is closer to the crystalline PSB
(23 cm™") than the PSBs in solution (25-30 cm™'). This
suggests that the crystalline PSBs provide a better model
for the hydrogen-bond/counterion environment in BR .
In summary, the ease with which the C—C stretches in
the fingerprint region of the BR; s, spectrum can be
interpreted, once the vibrational assignments of the pig-
ment and the model compound have been determined,
illustrates the importance of isotopic derivatives in these
studies. A similar analysis of the vibrational spectra of
bacteriorhodopsin’s 13-cis photointermediates should pro-
vide additional information about chromophore structure
and chromophore-protein interactions that are important

*The NH assignment is tentative because a line at this frequency is not
clearly resolved in the native PSB spectrum, although intensity is lost
between the 1,345 and 1,363 cm™' lines in the ND spectrum.
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in proton pumping. Furthermore, the work presented here
provides a conceptual framework for analyzing the vibra-
tional structure of the 11-cis and 9-cis PSB isomers, which
are found in the visual pigments, rhodopsin and isorhodop-
sin.
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