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ABSTRACT  An all-transretinal (ATR) dimer (1) isolated from photoreceptor outer
segments was found to have a stereogenic center at C13’ flanked by tetraene (295 nm)
and hexaenal (438 nm) chromophores. Analytical chiral HPLC (Chiralcel OD) revealed
that the isolated retinoid had formed in 13% enantiomeric excess. Using a combination
of 1H-TH NOESY constraints, molecular modeling, and CD exciton coupling analysis, it
was determined that the favored enantiomer was 13’ (R). Three low-energy conformers
of the 13’ (S) model were found with MMFF/DFT and were used to calculate the CD
spectrum of the ATR dimer (DeVoe method). The Boltzmann weighted spectrum was
found to exhibit a positive exciton couplet, in excellent agreement with the experimental
spectrum for the first eluted enantiomer. This further suggested that despite the large
energy difference between the two interacting chromophores, the dominant source of
optical activity in the CD spectrum is the nondegenerate exciton mechanism. Chirality
16:637-641, 2004. © 2004 Wiley-Liss, Inc.
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There is mounting evidence indicating that the fluo-
rescent granules that accumulate in retinal pigment
epithelial (RPE) cells play an essential role in the death
of these cells in macular degeneration. The only RPE
lipofuscin fluorophores that have been characterized to
date are A2E, its 13-(Z)-double bond isomer iso-A2E, and
other minor isomers of A2E.1-5 All of these compounds
are generated through slow hydrolysis of the phosphate
ester of A2-PE, the phosphatidyl-pyridinium bisretinoid
that forms in photoreceptor outer segments. The synthesis
of A2-PE occurs when molecules of all-trans-retinal (ATR),
instead of undergoing reduction to all-trans-retinol, form
conjugates with phosphatidylethanolamine through a
series of random/nonenzyme-mediated reactions. The
retinoid cycle is shown in Figure 1; illustrated also is the
intersection between the visual cycle and the pathway by
which A2-PE is formed.

The question remains as to whether other retinoid-
derived fluorescent compounds accumulate in RPE in
addition to A2E. We recently reported that at elevated
ATR concentrations, a fluorescent bisretinoid adduct can
form on lysine residues of rhodopsin in photoreceptor
outer segments.6 These findings may signify that fluo-
rescent peptide fragments bearing A2-moieties become
deposited in RPE cells. Additionally, we have isolated an
enantiomerically enriched ATR dimer 178 (Fig. 1), a
bischromophoric condensation product of two molecules
of ATR, from native photoreceptor outer segments. We
© 2004 Wiley-Liss, Inc.

propose that it forms under conditions of endogenous
release of ATR from opsin (visual protein), and arises by
divergence from the A2-PE biosynthetic pathway.%-10 As
this molecule possesses a stereogenic center at C13’, and
its formation in photoreceptors is likely the result of
general acid-base catalysis by membrane bound proteins
in the outer segment, the possible enantiomeric excess of
this isolated retinoid has been investigated and is reported
here. Absolute configurational assignments of both
enantiomers separated by chiral HPLC were made using
a combination of NMR, molecular modeling, and the CD
exciton chirality method.

EXPERIMENTAL
Determination of Percent Enantiomeric Excess

The ATR dimer 1 was resolved into enantiomers using
analytical chiral HPLC (ChiralCel OD, 250 x 4.6 mm,
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Fig. 1. Retinoid visual cycle. Light converts 11-cis-retinal to all-trans-
retinal when covalently bound to the visual proteins called opsins. A de-
hydrogenase reduces the aldehyde to produce all-trans-retinol (vitamin A),
which is then carried into the RPE cells where it is isomerized to 11-
cis-retinol. Chaperone proteins then bring the cis-retinol back to the
photoreceptors, where 11-cis-retinol dehydrogenase oxidizes it back to 11-
cis-retinal to be used once again in the visual cycle. The point in the
pathway where A2-PE, A2E, and ATR dimer are formed is shown along
with their chemical structures. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

0.5 ml/min flow, 99.8/0.2 hexane/isopropanol, 430 nm
detection, 10 wl injection). Injections were performed in
triplicate and the integrated area of each peak was used to
determine relative amounts of each enantiomer.

NMR Analysis

NOESY spectrum in CDCl; was acquired on a Bruker
DMX400 in TPPI mode with the following parameters:
spectral width 12 ppm, olp 6.0 ppm, number of data points
in F2 2K, and in F1 512 linear predicted to 1K and zero-filled
to 2K, 32 scans per increment, mixing time 0.5 sec,
relaxation delay 2 sec, acquisition time 0.18 sec, 90° pulse
length, 7.2 s processed with /2 shifted sine-bell apodiza-
tion. The sample was subjected to three freeze-pump-thaw
cycles to remove oxygen prior to NOESY measurement.

Computational

Geometry optimization. A preliminary conformational
search was performed with DFT (B3LYP/6-31G(d,p) level
in CHCl;) on a model of the ATR dimer 1 obtained by
truncating the molecule at the C8-C9 and C8-C9 bonds.
Structures with the tetraene substituent at C13 in a
pseudo-axial position were found globally more stable than
the pseudo-equatorial isomers. Three rotamers relative to
the C12'-C13' torsion were evidenced.

A structure for the whole ATR dimer molecule 1, with
pseudo-axial tetraene at C13', was built starting from the
optimized model and subjected to C12’-C13’ dihedral scan
with MMFF. Each rotamer thus obtained was further
optimized with MMFF (convergence 0.0001) in CHCIs.
The three minimum energy conformers were finally
evaluated with DFT B3LYP/6-31G(d,p) in CHCl;. The
DFT energies were used in the Boltzmann weight of the
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calculated CD spectra. MMFF calculations were run with
MacroModel 7.1, DFT with Jaguar 4.1 (Schriédinger,
Portland, OR) with default parameters and convergence
criteria (unless otherwise noted).

CD calculations. The circular dichroic (CD) spectra
were calculated according to the DeVoe method!1-13 for
each of the three lowest energy conformers found using
the above methods. Spectral parameters were taken from
the UV-Vis absorption spectrum of the ATR dimer in
CHCI; (1 kKK = 103 cm~1). Band I (C7...C15-C14-C15=0
pentaenal chromophore): position N = 436.7 nm (v =
22.9 kK), dipolar strength 75.0 D2, bandwidth Av = 4.5 KK;
band II (C7...C12 triene chromophore): position \ =
302.1 nm (v = 33.1 kK), dipolar strength 65.0 D2,
bandwidth Av = 7.5 kK. Transition dipoles were placed
and oriented along the two chromophores (see Fig. 6).
Transition dipole for band I was placed between C11-C13
and directed along C7-C13 direction, according to ZINDO/
S-CI results on 2E4E,6E,8E-undeca-2,4,6,8,10-pentenal
(s-cis at C13-C14) within the dipole-velocity formalism.14
DeVoe-type calculations were run with a Fortran program
written by Hug and co-workers.1> ZINDO calculations
were run with Gaussian 03 (Pittsburgh PA) on DFT-
optimized geometries (B3LYP/6-31G(d) level).

RESULTS AND DISCUSSION

A synthetic racemic sample of the ATR dimer was
prepared by treating all-trans-retinal with NaH in dry THF
at 0°C for 2 h (80% yield). This sample was initially applied
to a ChiralCel AD column but could not be resolved into
enantiomers even under a variety of solvent conditions.
Eventually, a ChiralCel OD column, with a cellulose-based
stationary phase, was found to give excellent baseline
separation with ~ 17 min between the eluted enantiomers
(Fig. 2, lower trace). In contrast to the racemic sample, the
ATR dimer isolated from photoreceptor outer segments
was found to have a larger integrated peak area for the
second eluted enantiomer, corresponding to a 13% ee. The
injections were repeated in triplicate and the standard
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Fig. 2. Chiral HPLC separation of the two enantiomers of the ATR
dimer on a Chiralcel OD column. The upper trace shows the separation
carried out on the ATR dimer isolated from the CHCl3/MeOH extracts of
photoreceptor outer segments. The lower trace shows the separation of
synthetic racemic material made under base-catalyzed conditions. The
%ee’s in each case are shown along with the standard error. The first
eluted enantiomer had a retention time of 27.1 min, while the second one
eluted at 44.8 min. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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errors (std. dev.) for %ee were calculated and are shown in
Figure 2 for both synthetic racemic and naturally occur-
ring ATR dimer.

The absorption spectrum of the ATR dimer (Fig. 3,
bottom) is dominated by the w—m* transitions of the C5'-
C12' tetraene (\ =289 nm, € = 21,800 in CHCl;) and C5-C1%
hexaenal (A = 438 nm, e = 25,000) chromophores, which
may be regarded as isolated. Moreover, both eluted
enantiomers gave a clear bisignate CD spectrum (Fig. 3,
top, for the first eluted), therefore the exciton coupled CD
method!6.17 could be conveniently applied to determine
absolute configuration without the need for derivatization.
A NOESY spectrum of the ATR dimer (in CDCls) revealed
some close through-space 'H-1H interactions which were
useful in determining the orientation of the two polyenes
relative to the cyclohexadiene core (see arrows and
numbering in Fig. 4). An NOE between 11-H and 20a-H
(equatorial) indicates that the C5-C12 polyene moiety is
fully conjugated to the cyclohexadiene ring. In addition,
strong NOE pairs 20a-H/12'-H and 20b-H/20'-H suggest a
pseudo-axial orientation for the C5-C12’ tetraene, as shown
in Figure 4. This observation that the 20’ methyl prefers a
pseudo-equatorial position on the cyclohexadiene agrees
with DFT calculations for a simplified model of 1 (see
Computational section). It is also known from the literature
on 5-substituted-1,3-cyclohexadienes!819 that bulky sub-
stituents (in the current case, the methyl group) tend to
occupy the pseudo-equatorial position.20 However, the main
factor responsible for the present conformational prefer-
ence may be entropic: the pseudo-axial tetraene chain at
C13 is fully allowed to rotate around the C12’-C13’ bond,
while a pseudo-equatorial orientation would not allow for
free rotation due to steric reasons (this is easily appreciated
with a molecular model).

In addition, W-coupling (1 Hz) was observed between
20b-H and 12'-H, possibly suggesting a very small magni-
tude for the preferred dihedral angle around C11’-C12'-
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Fig. 3. Experimental CD and UV spectrum of the first eluted enan-
tiomer (>99% ee) measured in CHCl;. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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Fig. 4. Conformational analysis of the 13'(S) enantiomer of the ATR
dimer. Arrows indicate proton pairs involved in strong NOEs. These close,
through-space interactions were used to assign the C5-C12’ polyene to
the pseudo-axial position on the cyclohexadiene core. The dashed line
indicates the pattern responsible for the observed W-coupling. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

C13-C20. In order to better evaluate the conformational
situation relative to the C12’-C13’ torsion and its impact on
the CD spectrum, a dihedral scan around C12'-C13
(highlighted bonds in Fig. 5) was performed on the ATR
dimer using MMFF and DFT calculations. Three low-
energy rotamers of 0° (+0.4 kcal/mole, DFT energy), 120°
(+0.0 kcal/mole), and 240° (+0.7 kcal/mole) were found
(Fig. 5).

The CD spectrum was next calculated with the DeVoe
method!1-13 for each of the three optimized conformers
having the 13'(S) configuration and the pseudo-axial
tetraene substituent at C13'. The electric transition mo-
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Fig. 5. Fully relaxed dihedral scan around C11’-C20 using MMFF. The
graph of potential energy vs. dihedral angle (5° steps) is shown for the
C5-C12' polyene in the equatorial position. Circles show DFT energies
(B3LYP/6-31G(d,p) in CHCIls) for the three minima.
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Fig. 6. Superimposition of the three low-energy conformers found for the (S) enantiomer. The C5-C15 polyene is highlighted in magenta and the C5'-
C12 polyene is shown in blue. The C11’-C20 dihedral along with the resulting interchromophoric projection angle are shown for each conformer. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

ment parameters were taken from the UV-vis absorption
spectrum of 1 in CHCls; transition dipoles were placed
in the middle of the two polyene chromophores and
directed along their axes (see Computational section).
Calculated CD spectra all exhibited a positive CD couplet;
in fact, the chirality defined by the two chromophores is
clearly positive in all cases for the 13'(S) configuration,
although the interchromophoric distances and projection
angle may vary (Fig. 6). As a consequence, the two
conformers with 0° and 120° C11’-C20 dihedral gave
roughly the same spectrum (amplitudes A = +42.0 and 39.5,
respectively), while the 240° conformer led to a signifi-
cantly reduced CD amplitude (4 = +19.1). It is noteworthy
that the most stable pseudo-equatorial conformer still gave
a positive but very weak calculated CD couplet (4 = +4.9);
therefore, the contribution of the pseudo-equatorial isomer,
if any, is negligible.
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Fig. 7. Experimental (red solid line, in CHCl3) and calculated CD
spectrum (black dotted line and data) with DeVoe method on the (S)
enantiomer. The black dotted spectrum is calculated as the Boltzmann-
weighted average for the three lowest energy conformers found by
MMFF/DFT modeling. CD amplitudes calculated for each conformer are
also shown. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

The calculated DFT energies were then used to Boltzmann
weight the calculated CD spectra. The weighted average
spectrum is depicted in Figure 7 (dashed black line) along
with the experimental CD for the first eluted enantiomer
(>99% ee), showing a positive exciton couplet (302 nm Ae =
-21.8, 436 nm Ae = +19.4, A = +41.2, in CHCl3) due to a
positive projection angle between the C5-C12' and C5-C15
chromophores (Fig. 6, see clockwise arrow). This observed
CD spectrum is in excellent agreement with the DeVoe
calculated spectrum for the ATR dimer having the (S)
configuration. And since the second eluted compound gave
a mirror image CD spectrum (not shown), we concluded
that it was the (R) enantiomer of the ATR dimer.
Absorption and CD spectra in hexane were also recorded,
which are similar to those in CHCl3, except that the long
wavelength transition is considerably blue-shifted: band I,
422 nm, € = 32,000, Ae = +24.2 (first eluted); band II, 293 nm,
€ =29,440, Ae = -=22.9, A = +47.1.

Because the ATR dimer has been isolated from native
photoreceptors in an enantiomerically enriched form
favoring the 13'(R) configuration and has a fluorescent
emission profile similar to A2E (emission max = 580 nm,
430 nm excitation, EtOH, 77K), we reasoned that the
potential 100-fold increased sensitivity of FDCD?2! could be
used to detect very low concentrations of this retinoid in eye
tissue. However, a chiral sample of the ATR dimer did not
give a detectable FDCD signal, presumably due to the
negligible fluorescent quantum yield of the molecule at
25°C (F=10.01).

CONCLUSION

CD exciton coupling analysis was used to determine
the configuration of the enantiomer of the ATR dimer
formed in excess in native eye tissue. The ATR dimer is
formed in 13% ee, favoring the 13'(R) configuration.
NOESY analysis combined with molecular modeling sup-
port a wedge-like structure for the ATR dimer (Fig. 6) with
the C5-C12' polyene in the pseudo-axial position. The
agreement between experimental and calculated CD
demonstrates that the nondegenerate exciton mechanism
is the leading source of optical activity, despite the
remarkable energy difference between the two coupling
chromophores (136 nm, 11,400 cm—1! in CHCls; 129 nm,
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10,800 cm—1 in hexane, see Results). To the best of our
knowledge, this molecule has the longest range exciton
couplet of any natural product.
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