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13C Nuclear Magnetic Resonance Study of the Dynamic
Structure of Lecithin—-Cholesterol Membranes and the

Position of Stearic Acid Spin-Labels*

Patrick E. Godici! and Frank R. Landsberger*$

ABSTRACT: The dynamic structure of phosphatidylcholine-
cholesterol bilayers has been investigated by measuring the
13C nuclear spin-lattice relaxation times and line widths of
sonicated egg yolk lecithin-cholesterol (2:1) dispersions.
The present studies suggest that cholesterol diminishes the
long-range swinging motion of the fatty acyl chains but
does not appreciably affect the rate of rapid rotational
isomerizations. Data are presented which suggest that the
motion of the polar head groups of the lecithin bilayer is in-

Cholesterol is a major component of many membranes.
Its exact biological function has not been fully elucidated.
Model membrane studies, however, have been useful in
gaining an understanding of the nature of the cholesterol-
phospholipid interaction. The gel — liquid crystalline phase
transition characteristic of the “melting” of the phospholip-
id fatty acyl chains is broadened by the addition of choles-
terol. It has been reported that at a phosphatidylcholine
(PC)!'-cholesterol molar ratio of 2:1 the transition vanishes
(Engelman and Rothman, 1972; Hinz and Sturtevant,
1972). Lippert and Peticolas (1971) have suggested that
cholesterol decreases the interaction between adjacent hy-
drocarbon chains, making the phase transition a noncooper-
ative event. In the gel phase, cholesterol fluidizes the phos-
phatidylcholine hydrocarbon chains (Oldfield and Chap-
man, 1971, 1972; Keough et al., 1973) by disrupting the
tight hydrocarbon chain packing and thus inhibiting crys-
tallization of the chains (Ladbrooke et al., 1968). In the lig-
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dependent of cholesterol content. Furthermore, the posi-
tioning of the Cs stearic acid derivative spin-label is not de-
tectably altered by the incorporation of cholesterol into
phosphatidylcholine bilayers. Spin-label electron spin reso-
nance studies of the partitioning of a small nitroxide,
Tempo (2,2,6,6-tetramethylpiperidinyl-1-oxy), between the
aqueous and lipid phases suggest that the lecithin-choles-
terol (2:1) vesicles are largely in a fluid state at physiologi-
cal temperatures.

uid crystalline phase, however, cholesterol decreases the
lipid chain flexibility (Chapman and Penkett, 1966; Long et
al.,, 1970; Darke et al., 1971, 1972; Levine and Wilkins,
1971; Oldfield and Chapman, 1971, 1972; Lee et al., 1972;
McConnell and McFarland, 1972; Mendelsohn, 1972;
Rothman and Engelman, 1972; Keough et al., 1973; Saito
et al., 1973; Gent and Prestegard, 1974). The decreased flu-
idity of the phosphatidylcholine hydrocarbon chains corre-
lates with the condensation observed in PC monolayers
upon addition of cholesterol (Shah and Schulman, 1967;
Chapman et al., 1969; Tinoco and Mclntosh, 1970; Ghosh
etal, 1971, 1973; Demel et al., 1972a,b; Ghosh and Tinoco,
1972). The interaction is large for naturally occurring 1-
saturated 2-unsaturated lecithins (Ghosh et al., 1971) and
depends on the number and distribution of double bonds in
the phosphatidylcholine (Demel et al., 1972b). Studies of
the lipid bilayers of influenza and parainfluenza virions
have similarly suggested that an increase in the cholesterol
content decreases the fluidity of the bilayer in biological
membranes (Landsberger et al., 1973).

Previously, using !3C nuclear magnetic resonance
(NMR) of stearic acid derivative spin-labeled vesicles, the
long-range swinging motion of the fatty acyl chains in soni-
cated aqueous egg yolk phosphatidylcholine (EYL) disper-
sions has been discussed (Godici and Landsberger, 1974).
In this paper, we report the effect of cholesterol on the 13C
NMR spectrum of the lipid fatty acyl chains and the polar
head groups in EYL-cholesterol (2:1) dispersions. The re-
sults suggest that the presence of cholesterol does not inhib-
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FIGURE 1: Normal Fourier transform 3C NMR spectra of sonicated aqueous dispersions of (a) egg yolk phosphatidylcholine (PC) (2048 accumu-
lations) and (b) PC-cholesterol (2:1) (4096 accumulations). The chemical shift range is 5-250 ppm upfield from CS,.

it localized high frequency motions of the lecithin chains,
such as rapid rotations about carbon-carbon bonds, but
that the amplitude of the long-range swinging motion of the
fatty acyl chains is diminished. The greatest reduction of
the long-range swinging motion seems to occur in the cen-
tral portion of the fatty acyl chains including the olefinic
positions, while the perturbation of the motion of the meth-
yl chain terminus is much smaller. The mobility of the cho-
line moiety appears to be unaffected by the presence of cho-
lesterol. It is also suggested that the position of the stearic
acid spin-labels in lipid biolayers is not detectably altered
by the addition of cholesterol.

Materials and Methods

Egg yolk phosphatidylcholine was isolated from fresh egg
yolk according to the procedure of Singleton et al. (1965)
with only minor modifications. The stearic acid derivative
spin-label Cs was purchased from Syva Corporation, Palo

Ak

o 0
Tempo

CHs(CHz)m_/C:\—(CHg)aCOOH
0 N—O

Alto, Calif. Tempo (2,2,6,6-tetramethylpiperidinyl-1-oxy)
was synthesized as described by Briere et al. (1965). Cho-
lesterol, purchased from the Hormel Institute, Austin,
Minn. (>99% pure), and stored desiccated at —20°, was
used without further purification. The cholesterol was dem-
onstrated to be free of autoxidation products by thin-layer
chromatography on silica gel G plates (J. T. Baker Chemi-
cal Company, Phillipsburg, N.J.) developed in hexane-
ethyl acetate (1:1) (Smith and Foell, 1962), in acetone-
hexane (1:1) (Smith et al., 1967), and in petroleum ether-
ethyl ether-acetic acid (35:65:2) (Fioriti and Sims, 1967).
The stearic acid spin-labeled and unlabeled EY L-choles-
terol (2:1) vesicle preparations were obtained by sonication
of a dispersion of the lipids in 5 mM Tris-100 mM KCI
buffer followed by centrifugation as previously described
(Godici and Landsberger, 1974). The stearic acid spin-label
3928 18, 1975
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to EYL ratio was 1:60. The final phosphatidylcholine con-
centration in the EYL-cholesterol (2:1) preparations was
0.13 g/ml and in the pure EYL preparations was 0.2 g/ml.
To determine the lecithin-cholesterol molar ratio after the
centrifugation step, the supernatant from the centrifugation
step was lyophilyzed and chromatographed on silica gel G
plates developed in petroleum ether-diethyl ether-acetic
acid (35:65:2). The bands were visualized with a uv lamp
and removed. The cholesterol was eluted with djethyl ether
and the lecithin was eluted with methanol (Christie et al.,
1970). Gravimetric analysis indicated the lecithin-choles-
terol molar ratio to be 2.0 £ 0.3.

In the Tempo partitioning experiments, 80 ul of 5 X 1073
M aqueous Tempo solution was combined with 0.5 ml of
the EYL-cholesterol dispersion. The sample was trans-
ferred to a 50-ul capillary pipet used as a sample cell.

All electron spin resonance (ESR) spectra were recorded
with a Varian E-4 ESR spectrometer equipped with a Var-
ian V-6040 variable temperature controller. The tempera-
ture was measured using a copper-constantan thermocou-
ple with a Leeds and Northrup potentiometer. The *C
NMR measurements were obtained with a home-built spec-
trometer operating at 15.08 MHz, as previously described
(Allerhand et al., 1971), at approximately 34°. The spin-
lattice (7)) relaxation times were measured using a
m-7-m/2 pulse sequence (Vold et al., 1968), where 7 is the
delay time between the = and «/2 pulses. The pulse se-
quence was repeated after a delay at least four times great-
er than the largest T value to be measured. The usual pro-
cedure was to obtain either 2048 or 4096 accumulations
prior to a 4K Fourier transform.

Results

The normal Fourier transform spectra of sonicated EYL
and EYL-cholesterol (2:1) dispersions are given in Figure
1. The !3C resonance assignments have been previously re-
ported (Metcalfe et al., 1971; Birdsall et al., 1972; Sears,
1972; Stoffel et al., 1972; Hamilton et al., 1973; Godici and
Landsberger, 1974), and are given 'in Table I. No !3C
NMR resonances corresponding to those reported for cho-
lesterol (Reich et al., 1969) are detected in the EYL-cho-
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Table 1: '*C NMR Parameters of Sonicated EYL and EYL—Cholesterol Dispersions.4
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FIGURE 2: Plot of 1/Tc vs. approximate carbon position in the ex-
tended EYL molecule.

lesterol spectrum which presumably reflects the relative im-
mobility of the rigid steroid structure. The following com-
parisons can be made between the two spectra: (1) The
fatty acyl methylene and olefinic resonances are markedly
decreased in amplitude and broadened upon addition of
cholesterol to EYL. (2) The effect of cholesterol on the res-
onance line width of the chain terminal methyl group is less
marked with the line remaining relatively intense and not
significantly broadened. (3) Within experimental resolu-
tion, there is little effect on the choline resonances and the
fatty acyl carbonyl group. These qualitative observations
are in agreement with the results of !H NMR studies
(Chapman and Penkett, 1966; Darke et al., 1971, 1972; Lee
etal., 1972).

The numerical line widths for the 1*C resonance of EYL
and EYL-cholesterol (2:1) are given in Table I. For Lo--
rentzian line shapes, the line width at half-height Awy/; is
given by (Farrar and Becker, 1971)

1
wTy*

Avip = n
The quantity 1/7»* is a function of both the nuclear spin-
spin relaxation time T, and the instrumental broadening
T

(2)

The magnitude of the increase of the EYL resonance line
widths resulting from the incorporation of cholesterol may

be defined by
1 /1 \chol 1
= (m) - (7).

where the “o0”” and “chol” refer to the EYL and EYL-cho-
lesterol samples, respectively. Since T3 is relatively con-
stant, the parameter 1/T is assumed to be essentially in-
dependent of the instrumental broadening. Although sever-
al of the resonances have contributions from chemically ine-
quivalent carbons, it is unlikely that a change in the chemi-
cal shift inequivalence could account for the observed
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FIGURE 3: Plot of the Tempo spectral parameter f vs. temperature.

The inset, an ESR spectrum of Tempo in a sonicated EYL-cholesterol
dispersion, defines the spectral parameter f.

broadening upon the incorporation of cholesterol. For ex-
ample, the carbonyl resonance, arising from inequivalent
carbons, does not broaden upon inclusion of cholesterol in
the lipid bilayer.

A plot of 1/ T, vs. approximate position in the phospho-
lipid is given in Figure 2. It should be noted that EYL con-
sists of a heterogeneous distribution of fatty acyl chains.
Since the length of the esterified fatty acyl chains as well as
the position and degree of unsaturation vary in EYL, there
are uncertainties in the precise position along the abscissa
assigned to a given 1/ T, value and in the ordering of the
points corresponding to the carbon nuclei in the olefinic re-
gion of the chain. However, approximately 90% of the ester-
ified fatty acids at the glycerol 1 position are palmitic (16:
0) and stearic (18:0), and at the 2 position are oleic (18:1)
and linoleic (18:2) (Tattrie et al., 1968) (detailed discussion
in Godici and Landsberger, 1974). It can be seen that the
largest changes occur in the main fatty acyl methylene en-
velope and in the olefinic resonances. The effect decreases
rapidly near the methyl chain terminus. The polar head
group region and the carbonyl group of the EYL fatty acyl
chain are not significantly affected by cholesterol.

From the resonance amplitudes of partially relaxed Fou-
rier transform spectra, the spin-lattice relaxation times
(T) were calculated as previously described (Godici and
Landsberger, 1974). The results are given in Table I. With-
in experimental error, the spin-lattice relaxation times of
EYL are not affected by the inclusion of cholesterol in EYL
vesicles.

It may be assumed that the inverse of the spin-lattice re-
laxation time of a particular nucleus in a Cs spin-labeled
lipid dispersion is the sum of two parts, one due to the relax-
ation mechanism present in the absence of the spin-label
and the other due to the presence of the unpaired electron
of the nitroxide moiety. Thus, the contribution of the un-
paired electron to the spin-lattice relaxation time of a par-
ticular nucleus in a Cs spin-labeled EYL-cholesterol dis-
persion may be calculated from

1 chol 1 chol 1 \chol
(7 =)~ &) @
TlN 5 T1 5 T1
where (1/7)M! and (1/T))s"! are the reciprocals of the
spin-lattice relaxation times of the EYL-cholesterol disper-
sions in the absence and presence of the spin-label, respec-
3930
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tively. The subscript “5” corresponds to the Cs nitroxide
spin-label. Similarly, the contribution of the Cs spin-label
to the spin-lattice relaxation time of labeled EYL disper-
sions without cholesterol may be calculated from

(7= (7). (7). ®

where (1/7T1)o and (1/7))s are the inverses of the spin-lat-
tice relaxation times of the EYL dispersions in the absence
and presence of the spin-label, respectively (Godici and
Landsberger, 1974). The calculated values of (1/7;,)s and
(1/T)s! are given in Table 1. The perturbation of the
Cs spin-label on the spin-lattice relaxation times of the
EYL 3C nuclei follows a similar trend in EYL vesicles both
with and without cholesterol inclusion. The observed differ-
ences arising from the addition of cholesterol to the lipid bi-
layer are (1) the effect of the Cs nitroxide label on the EYL
carbonyl group is increased and (2) the effect on the chain
terminal methylene and methyl groups is decreased.

Shimshick and McConnell (1973b) have recently sug-
gested that in cholesterol containing dipalmitoyllecithin and
dimyristoyllecithin membranes there can coexist both a
fluid and a solid phase at a temperature above the phase
transition temperature of the pure phospholipid. In order to
determine whether lateral phase separation of the lipids
(Shimshick and McConnell, 1973a,b; Shimshick et al.,
1973) might also occur in the EYL-cholesterol (2:1) ves-
icles, the partitioning of the nitroxide spin-label Tempo be-
tween the aqueous and lipid phases was recorded as a func-
tion of temperature. The Tempo spectral parameter (Shim-
shick and McConnell, 1973a), f, is given by

f=HJ(H+P) (6)

where H and P are measured from the experimental elec-
tron spin resonance (ESR) spectra (cf. inset Figure 3) and
are to a first approximation proportional to the partitioning
of Tempo in the lipid and aqueous phases, respectively. A
plot of the Tempo spectral parameter vs. temperature is
given in Figure 3. It contains points obtained by both heat-
ing and cooling. The abrupt changes in the slope of the f vs.
T plot at 9° and 39° (indicated by the intersection of the
solid lines in Figure 3) correspond to the onset and comple-
tion of a temperature dependent structural change for the
EYL-cholesterol dispersion (Shimshick and McConnell,
1973b). (The same discontinuities are observed in an f vs.
1/T plot.)

Discussion

Construction of an approximate phase diagram of the
EYL-cholesterol system (Shimshick and McConnell,
1973b) suggests that the present NMR data correspond
largely to the fluid phase of the EYL-cholesterol (2:1) ves-
icles. The discontinuities observed in the plot of the Tempo
spectral parameter f vs. temperature, at 9° and 39° (cf.
Figure 3), correspond to points on the boundaries between a
relatively solid (S) system, a system characterized by the
coexistence of fluid and solid regions (F and S), and a fluid
system (F) (Shimshick and McConnell, 1973a,b; Shimshick
et al.,, 1973). Thus, at 34°, the temperature at which the
NMR measurements were made, the lipid membrane ap-
pears to be composed of approximately 85% F phase and
15% S phase. The mole fractions of cholesterol at 34° may
be estimated to be Xcho == 0.5 in the S phase and Xy =~
0.3 in the F phase (see footnote 2). Consequently, the distri-
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bution of the total EYL between the F and S phases is
roughly 90 and 10%, respectively at 34°. The '3C NMR
spectrum of EYL-cholesterol (1:1 molar ratio) at 27° (all
lipids presumably in the S-phase) indicates that the fatty
acyl chain resonances are dramatically diminished in inten-
sity and broadened (barely detectable above the base line)
whereas the trimethylammonium resonance remains rela-
tively intense. Based on these observations, it appears that
the solid phase of the EYL-cholesterol (2:1) system con-
tributes less than 3% to the observed 13C NMR spectral in-
tensity and that the spectrum essentially reflects the state of
the fluid component. Although arguments based on inte-
grated intensities of 1*C NMR spectra are difficult, com-
parison of the approximate relative integrated intensities of
the phospholipid resonances from vesicles of pure EYL and
of EYL-cholesterol (2:1) indicates approximate agreement
with the Tempo experiments and does not appear to support
the model proposed by Darke et al. (1972) and Phillips and
Finer (1974) in which 1:1 EYL-cholesterol complexes
coexist with uncomplexed EYL in cholesterol-containing
lecithin membranes. Similarly, Shimshick and McConnell
(1973b) using spin-label methods and Lee et al. (1972,
1974) using 'H NMR have found no evidence for 1:1 leci-
thin-cholesterol complexes coexisting with free lecithin in
lecithin-cholesterol membranes.

Cholesterol has a dramatic effect on the '3C NMR spec-
trum of EYL (cf. Figure 1). The nature of the perturbation
of the motion of the EYL fatty acyl chains and polar head
group by cholesterol can be ascertained by inspecting the
effect of cholesterol on the EYL T values and line widths.
The '3C nuclear spin-lattice relaxation times of the EYL
fatty acyl chain and choline carbons are essentially unaf-
fected by the incorporation of cholesterol into the lipid bi-
layer (cf. Table I). Cholesterol does cause a significant
broadening of the fatty acyl methylene and olefinic reso-
nances with only a slight broadening of resonances from
carbons near the end of the chain. The choline resonances
are not detectably broadened by cholesterol (cf. Figure 2
and Table I). The trend of the 1/T;. plot is in general
agreement with the plot of rigidity vs. chain position ob-
tained from NMR line-width measurements (Darke et al.,
1972; Finer, 1972) and spin-label ESR results (McConnell
and McFarland, 1972) which suggest that the motion is
most restricted for the region extending from approximately
the glyceral backbone into the central portion of the lecithin
hydrocarbon chains.

In both sonicated and unsonicated PC dispersions, the 'H
spin-spin relaxation time is less than the spin-lattice relax-
ation time (Horwitz et al., 1972; Feigenson and Chan,
1974). These results have been interpreted in terms of the
anisotropic motion of the PC fatty acyl chains (Chan et al.,
1972; Horwitz et al., 1972, 1973; Seiter and Chan, 1973;
Feigenson and Chan, 1974). Two correlation times have

2 These mole fractions can be obtained from an approximate phase
diagram constructed as follows. The solidus curve for a cholesterol
mole fraction (Xcnol) greater than '5 may be naively estimated by a lin-
car extrapolation from 9° (Xcpol = '4) to 148.5° (melting point of pure
cholesterol) (Shimshick and McConnell, 1973a,b; Shimshick et al.,
1973). Similarly, the fluidus curve may be approximated by a straight
line connecting the three points (Xchot = 1, T = 148.5°), (Xehot = 5, T
= 39°), and (Xchal = 0, T =~ —5°). [A preliminary EYL-cholesterol
phase diagram using the Tempo procedure (Shimshick and McCon-
nell, 1973a,b; Shimshick et al., 1973) agrees with the results obtained
from the approximate diagram discussed here (H. C. Hasenkampf III,
personal communication).]
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FIGURE 4: CPK models of lecithin (with palmitic and linoleic acids as
the esterified fatty acids) and cholesterol. The relative vertical position
is only approximate.

been considered (Chan et al., 1972; Horwitz et al., 1972,
1973; Seiter and Chan, 1973; Feigenson and Chan, 1974).
One corresponds to the motion of the fatty acyl chain axis
(71) and the other corresponds to the reorientation of a
group about the chain axis (v]) (Chan et al., 1972; Horwitz
et al., 1972, 1973; Seiter and Chan, 1973; Feigenson and
Chan, 1974) with 7| < 7.

Although the absolute magnitudes of the '3C spin-spin
relaxation times have not been measured, it would appear
from drude estimates that 7> < T. At present, it is difficult
to interpret quantitatively resonance line widths. However,
differences in the **C NMR line widths may be assumed to
reflect changes in the slower components of the motion
(e.g., the motion of the local chain axis), whereas the '3C
T values reflect the relatively faster molecular reorienta-
tions (e.g., rotations about carbon-carbon bonds) (Farrar
and Becker, 1971).

In Figure 4, CPK models of an EYL and a cholesterol
molecule are shown positioned next to each other as they
might be in a lipid vesicle bilayer. On the basis of this fig-
ure, it is possible to suggest an explanation of the 1 /75 and
T, data in terms of the effect cholesterol has on the motion
of the EYL head group and fatty acyl chains. The motion of
the trimethylammonium group of the choline moiety is not
sterically hindered by cholesterol and thus no change is de-
tected in the line width and in the T value upon addition of
cholesterol. However, cholesterol severely inhibits the long
range swinging motion of the carbons in the central region
of the fatty acyl chains, due to the presence of its bulky
rigid steroid nucleus. In comparison, the carbons near the
methyl chain terminus will be less hindered. The fact that
the lecithin 7', values remain essentially unchanged in the
presence of cholesterol suggests that the frequency of rota-
tions about the fatty acyl carbon-carbon bonds is not af-
fected by cholesterol. Thus, the line width and T, data
taken together indicate that although in the presence of
cholesterol the rate of rotation about carbon-carbon bonds
in the fatty acyl chains is unaltered, those rotations are
probably to some extent coupled (i.e., compensatory) (Hor-
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witz et al., 1973) such that the long range swinging motion
of the chains is decreased.

The present '3C 77 results are in contrast with those of
Lee et al. (1972) who observed a very large perturbation of
the EYL fatty acyl chain 'H T values as a result of choles-
terol incorporation. Intermolecular interactions of protons
appear to be important for 'H relaxation in sonicated lipid
vesicles (Lee et al., 1973). However, since the !3C relaxa-
tion mechanism is dominated by the C-H dipolar interac-
tion (Kuhlmann et al.,, 1970) intermolecular interactions
may be relatively unimportant for 'C relaxation in lipid bi-
layers. Thus, it might be expected, if cholesterol alters phos-
pholipid intermolecular interaction, that a change in the 'H
but not the !3C spin-lattice relaxation time might be ob-
served.

Previously, it was reported that the position of the Cs
stearic acid derivative spin-label in EYL bilayers (Godici
and Landsberger, 1974) is such that the nitroxide moiety of
the Cs spin-label is located in the approximate vicinity of
the carbonyl group of EYL fatty acyl chain. The (1/71,)s
data (cf. Table I) show that for the EYL-cholesterol as.well
as for the EYL dispersions, the greatest perturbation of the
EYL 3C nuclear spin-lattice relaxation times by the Cs
label occurs at the fatty acyl carbonyl position. The effect
of the Cs label on the trimethylammonium 7 value is the
same in both EYL and EYL-cholesterol dispersions. Fur-
thermore, with and without cholesterol inclusion in the lipid
bilayer, the general trends of (1/7y)s are similar. These
results suggest that the positioning of the nitroxide moiety
of the Cs spin-label is not detectably altered by the addition
of cholesterol to EYL vesicles.

Since at present no adequate theory has been developed
for discussing !3C relaxation processes in lipid bilayers, it is
not possible to quantitatively interpret the 1/ T, data. For
the isotropic case, 1/T), depends on 1/r6 where r is the dis-
tance between the unpaired electron and a given 13C nucle-
us, and is a function of the correlation time for the dipolar
electron-nuclear interaction (Solomon, 1955; Bernheim et
al., 1959). Furthermore, several important variables possi-
bly need to be considered in comparing the (1/71,)s values
of the lecithin and lecithin~cholesterol dispersions: (1) dif-
ferences in the proximity between the nitroxide and a given
13C nucleus, (2) alteration in the amplitudes of the motion
of both the lecithin and the spin-label fatty acyl chains, (3)
differences in the rate of lateral diffusion of the lipids (Lee
et al., 1973; Devaux and McConnell, 1972), and (4) varia-
tions in the local spin-label concentration due to phase sepa-
ration of the lipids. Although ESR experiments indicate
that the stearic acid derivative spin-labels are soluble to
some extent in the solid phase, the degree of partitioning of
the labels between the two phases has not been determined.
Thus, at the present time it is not possible to interpret the
1/ Ty data in any detail.
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Properties of Several Sterically Modified Retinal
Analogs and Their Photosensitive Pigments®

T. Ebrey,* R. Govindjee, B. Honig, E. Pollock, W. Chan, R. Crouch, A. Yudd,

and K. Nakanishi

ABSTRACT: Retinal analogs which have extra (14-methyl-
retinal and methylretinone) or displaced (13-desmethyl-
14-methylretinal) methyl groups were synthesized and their
isomers isolated by high-pressure liquid chromatography.
The 11-cis isomer of 14-methylretinal has its Ayax 30 nm to
shorter wavelengths than 11-cis-retinal, we suggest that
this is due to the fact that the 14-methyl analog is unable to
assume the same twisted s-cis conformation available to
11-cis-retinal. Thus, the seemingly anomalous long-wave-
length position of the absorption band of 11-cis-retinal is
due to its being primarily in a twisted (¢i2-13 =~ 40°) s-cis

The 11-cis isomer of retinal (or its 3,4-dehydro derivative)
is the chromophore of all known visual pigments (Wald,
1968). A great deal is understood about the spectroscopic
properties of retinals and it now appears that many of the
important differences between their spectra and those of vi-
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conformation. Three isomers of 14-methylretinal, 11-cis, 9-
cis, and 9,13-di-cis, reacted with cattle opsin to form photo-
sensitive pigments. The absorption spectra, circular di-
chroism spectra, extinction coefficients, and photosensitivi-
ties of the 11-cis pigments of retinal (rhodopsin) and 14-
methylretinal were similar. This suggests that the confor-
mation of these two chromophores, when attached to opsin,
is similar and different from that of crystalline 11-cis-reti-
nal. The 9-cis isomer of 13-desmethyl-14-methylretinal also
combines with opsin. No reaction of opsin with any isomer
of methylretinone (15-methylretinal) was detected.

sual pigments can be explained in terms of the protonated
Schiff-base linkage. that is formed between the retinal and a
lysine of the apoprotein opsin. However, the detailed spec-
troscopic and photochemical properties of visual pigments
are not well understood. In addition, a number of important
problems pertaining to retinal itself are unresolved (see
Honig and Ebrey, 1974; Ebrey and Honig, 1975; Honig et
al., 1975). In this paper we continue our studies of the spec-
troscopic and photochemical properties of sterically modi-
fied retinal analogs and the photosensitive pigments that re-
sult from their combination with opsin (Chan et al., 1974).
In the absence of steric hindrance, w-electron systems
may be assumed to be planar. All isomers of retinal have a
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