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Four analogs of the carotenoprotein a-crustacyanin have been prepared by reconstitution
with the all-trans isomer of four new carotenoids (10-F, 10,109-F2 and 14-F-astaxanthins, and
109-F-adonirubin). All four blue carotenoproteins exhibit absorption spectra similar to that
of the natural a-crustacyanin with lmax in the range of 613–625 nm. Different rates of pigment
formation and yields were noted. F NMR spectra of pigments derived from the three 10F
carotenoids have been recorded. Four cis isomers of 14-F-astaxanthin and one of 109-F-
adonirubin were also isolated.  1998 Academic Press

INTRODUCTION

The vivid red color and other multiple colorful forms that the carotenoid astaxan-
thin, 1a, adopts upon interaction with many proteins in Nature make it an important
natural and artificial pigment (1). In recent years, considerable effort has been
devoted toward elucidating the structural properties of the crustacyanins (2), i.e.,
astaxanthin-proteins found in the carapace of crustaceans, and the nature of the
nonbonded interaction(s) that leads to the unusually large spectral shift of the
absorption maximum from 478 nm (in acetone) for the free carotenoid to 632 nm
for a-crustacyanin, the predominant octameric aggregated form of b-crustacyanin.
A comprehensive overview (3) of important recent developments, specifically in
areas of astaxanthin analogs, of the use of resonance Raman spectroscopy (4),
protein structural analyses (5), and 13C NMR techniques (6) is available.

The use of a-crustacyanin analogs derived from synthetic astaxanthin (1a) analogs
has led to much information on specificity of the binding site of the carotenoprotein
(3). We are now extending this effort to include the use of the fluorine substituent.
Formation of four new carotenoprotein analogs from carotenoids 1b–d (7) and 2,
and their spectroscopic characteristics are described in this paper.
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TABLE 1
Partial H NMR (in CDCl3 500 MHz) Data, Chemical Shift, and Coupling Constants of the All-trans

Isomer of Astaxanthin and UV-Vis Absorption Maxima of Fluorinated Astaxanthins

Compounds H-7,79 H-8,89 H-10,109 H-11,119 H-12,129 H-14,149 H-15,159

Astaxanthin 6.24 6.44 6.31 6.70 6.46 6.31 6.70
10-fluoro, 1b 6.22 7.00 2120.26b 6.41 6.76 6.41 6.68

6.21 6.43 6.31 6.68 6.45 6.31 6.68
14-fluoro, 6.26 6.44 6.38 6.75 6.95 2121.69b 6.46
1da 6.26 6.44 6.32 6.70 6.47 6.33 6.98

6.22 7.01 2120.26b 6.39 6.77 6.41 6.71
10,109-F2 , 1c 6.28 6.92 2121.12b 6.52 6.77 6.45 7.03
C25-analog 3 9.46 6.96 6.72

6.24 6.96 2121.02b 6.40 6.67 6.40 6.67
C40-analog 2 6.22 6.34 6.30 6.67 6.45 6.30 6.67

J7,8 J10,11 J11,12 J14,15 J15,159 lmax
d

Astaxanthin 16.4 11.4 15.0 11.5 14.0 478.4
10-fluoro 16.3 c 15.0 — — 475.2

15.9 15.0
14-fluoro 16.0 11.8 14.6 28.6 14.7 473.6

16.0 11.3 15.1 11.4
10,109-F2 16.2 27.1 15.6 — 472.8
C25-analog 3 16.3 27.0 15.4 11.6 14.3 417.0

11.5
C40-analog 2 16.4 27.1 15.7 c c 469.0

16.3 c 14.8 c c

a In CD2Cl2 .
b Chemical shifts for F NMR.
c Broad peak, not sufficiently well resolved for measurement.
d nm, in acetone.

EXPERIMENTAL DETAILS

Preparation and purification of astaxanthin analogs. Procedure for preparation
of 109-F-3-hydroxycanthaxanthin (109-F-adonirubin), 2, is described below as a
representative example. Spectral data of the fluorinated astaxanthin analogs 1b–d
along with those of compound 2 are listed in Table 1. Before binding studies, each
all-trans isomer was purified by preparative hplc using the following conditions: 5e,
10 mm C30 column from Y M Corp.; solvent, CH3CN : EtOAc : MeOH 5 3 : 1 : 1;
flow rate, 1 ml/min, detecting wavelength, 510 nm. For 10-F and 10,109-F2-astaxan-
thins, the all-trans isomer was the major isomer in the mixture. For 14-F-astaxanthin,
because the middle C10 fragment was prepared as a mixture of isomers, in addition
to the all-trans isomer, four cis isomers were present in sufficient amounts in the
synthetic mixture for isolation. Their NMR data (Table 2) are consistent with (in
the order of appearance on the chromatogram) those of the 13,139-dicis, 139-cis,
13-cis, all-trans, and 99-cis isomers.
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TABLE 2
Partial H NMR (in CDCl3 500 MHz) Data, Chemical Shift, and Coupling Constants and UV-Vis

Absorption Maxima of Four cis Isomer of 14-F-Astaxanthin and 9-cis-2 and 3

Isomer H-7,79 H-8,89 H-10,109 H-11,119 H-12,129 H-14,149 H-15,159

13-cis (allE) 6.26 6.43 6.37 6.74 7.03 2115.9b 6.56
6.28 6.44 6.34 6.69 6.73 6.18 7.08

99-cis (99Z, 13Z) 6.27 6.44 6.37 6.70 6.95 2121.6b 6.48
6.27 6.44 6.26 6.80 6.39 6.31 6.96

139-cis (13Z, 139Z) 6.27 6.44 6.37 6.75 7.04 2121.6b 6.40
6.28 6.44 6.37 6.69 6.95 6.19 7.13

13,139-dicis (139Z) 6.26 6.43 6.37 6.74 7.03 2115.9b 6.56
6.28 6.44 6.34 6.69 6.73 6.18 7.08

9-cis-(allE)-3a 6.28 6.62 2114.8b 6.56 6.71 6.43 7.02
9.47 6.97 6.75

9-cis-(allE)-2a 6.23 6.72 2114.5b 6.40 6.67 6.40 6.66
6.21 6.42 6.30 6.66 6.44 6.30 6.66

J7,8 J10,11 J11,12 J14,15 J15,159 lmax
d

13-cis 16.2 10.5 14.6 29.3 14.6 460
16.2 11.7 15.0 11.7 —

99-cis 16.4 11.3 15.2 28.8 14.8 470
16.4 11.3 14.8 11.7 —

139-cis 16.0 11.3 15.0 28.0 14.6 462
16.0 11.3 15.0 12.1 —

13,139-dicis 16.1 11.3 14.7 29.4 14.9 —
16.4 10.6 14.9 12.2 —

9-cis-3a 15.9 26.7 15.4 11.8 14.6 401
11.5

9-cis-2a 15.8 26.7 14.7 c c 458
16.1 c 15.1 c

a 300 MHz spectra.
b Chemical shift for F NMR.
c Not sufficiently well resolved for measurement.
d In hexane.

10-F-129-apocanthaxanthinal (C25), 3. To a stirred solution of all-trans-4-keto-
10F-b-ionylideneacetaldehyde, the 4-keto-10-F-C15-CHO, (8 mg, 0.032 mmol), and
7-oxo-2,4,6-octatrien-1-yl-triphenylphosphonium bromide, the C10-Wittig salt,
(15.75 mg, 0.032 mmol, in 5 ml dichloromethane) at room temperature under an
argon atmosphere was added a suspension of 60% sodium hydride (1.56 g, 0.039
mmol) in dry CH2Cl2 . After being cooled to 08C, the reaction mixture was quenched
by the slow addition of water (5 ml). Isolation of the product by column chromatog-
raphy over silica gel gave the 10F-canthaxanthinal 3 in the form of red crystals
(7 mg, 57% yield). UV and NMR data are listed in Table 1. HR-MS: Calculated
for C25H31FO2 : 382.2309. Found, 382.2318. Crystals of compound 3 were obtained
by the procedure of diffusion crystallization by allowing a concentrated hexane
solution of 3 (in a small beaker) to stand under an atmosphere of methanol (in a
closed container).
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FIG. 1. Crystal packing diagram of 10-fluoro-4-oxo-129apo-b-caroten-129-al 3 ? AsCH3OH.

109-F-Adonirubin 2. Under dim light, to a solution of apocanthaxanthinal 3
(9 mg, 0.024 mmol) and 3-hydroxy-4-keto-C15-triphenylphosphonium bromide salt
(17 mg, 0.03 mmol) in methanol (2 ml) at room temperature under Argon was
added a methanol solution of sodium methoxide (0.024 mmol). After complete
disappearance of the starting material (by TLC), the reaction was diluted with
water, extracted with CH2Cl2 . Evaporation of the solvent and chromatography over
silica gel (30% ethyl acetate/hexane) gave the desired C40-carotenoid 2 (12 mg, 85%
yield). Its spectral data are listed in Table 1. HR-MS: Calculated for C40H51FO3 :
598.3824. Found: 598.3836.

Starting with 9-cis-10-F-C15-aldehyde, 9-cis-3 was also prepared by the similar
Wittig coupling reaction. Subsequent reaction with the 3-hydroxy-4-keto-C15-Wittig
salt yielded 9-cis 2. Spectral data of these isomers are also listed in Table 2 for com-
parison.

Crystal structure of 3. In determining the crystal structure of 3, (8) X-ray diffrac-
tion data were collected at 102 K using an Enraf-Nonius CAD4 MACH diffracto-
meter (Mo Ka 5 0.7107 Å). A u-2u scan mode to 2umax 5 488; crystal size and
shape-sphere, r 5 0.42 mm. Of the 3752 unique reflections collected, 2117 had
I . 3.0 s(I). Diffraction intensities were corrected for Lorentz polarization and
absorption (C scans, transmission range 0.91–1.0). The structure was determined
using the direct method programs in TeXsan and refined by full-matrix least squares
procedures. H atom positions were determined by a DF synthesis. A stereoview of
the crystal structure is shown in Fig. 1.

Formation of a-crustacyanin pigment analog. The protein extraction and pig-
ment reconstitution procedures were essentially those described by Zagalsky (9).
However, in our case, carapace from Homarus americanus lobsters was used instead
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of H. gammarus lobsters. On the average, from six lobsters p65 mg of a-crustacyanin
were obtained. All chromatographic separation and pigment reconstitution proce-
dures were conducted at 2–48C.

The reconstitution procedure was essentially the same as that described by Zagal-
sky. Briefly, to 2 mg of a-crustacyanin in 2 ml of 50 mM sodium phosphate buffer,
pH 7.0, in a test tube was added rapidly, with stirring, 3 ml of acetone followed by
10 ml of diethyl ether. After quick mixing, the orange layer containing extracted
astaxanthin was removed by a pipette. Extraction with ether was repeated until no
more carotenoid could be extracted. The remaining volatile solvent was removed
by a stream of nitrogen. To this preparation, 25% molar excess of the carotenoid
analog in 1.5 ml of acetone was added quickly with stirring, followed by 10 ml of
50 mM sodium phosphate buffer. The solution was dialyzed overnight at 48C against
5 liters of the same buffer. The product was then collected and excess unbound
carotenoid was removed by centrifugation. The reconstituted product was purified
and separated on a short DE52 column with a step elution of 0–1 M NaCl in 50
mM sodium phosphate buffer.

For the F NMR sample, p15 mg of an a-crustacyanin analog was used. The
sample was concentrated to a total volume of p1 ml using stirred Omega cell
and filtration centrifugation. The NMR sample contained 50% D2O and was of
approximately 1024 M concentration. A 10 mm Shigemi NMR tube was used, and the
spectra were recorded on a GE NMC 500 spectrometer. Some of the spectrometer
parameters were: 15-ms pulse width; 1.3-s delay time; 30,000 scans, LB 80-300 Hz;
probe temperature, 108C.

UV and CD spectra were recorded respectively on a P.E. l-19 and a JASCO-
600 spectrometer.

RESULTS AND DISCUSSION

The four fluorinated astaxanthin analogs (optically inactive) were prepared via
sequences of reactions parallel to the C15 1 C10 1 C15 route established for the
synthesis of parent astaxanthin (10). The specific fluorinated intermediates used in
the preparation of 10-F, 14-F, and 10,109-F2-astaxanthins (1b–d) were described
previously in a preliminary paper (7) and will not be repeated here. Instead, below
is shown, as a representative example, the coupling reactions leading to the new
C40-analog 2 (109-fluoroadonirubin) via the intermediate 10-F-4-oxo-129-apo-b-
carotenal (C25) 3:
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TABLE 3
UV Absorption Data of Astaxanthin and F-Analogs

Carotenoid lmax chrma lmax pg P.S.b

astaxanthin, 1a 478 632 5,100
10-F, 1b 475 624 5,030
14-F, 1d 474 613 4,780
10F,109F, 1c 473 615 4,880
adonirubin 490c 618c 4,250
analog 2 473 613 4,930

a In acetone, nm; chrm, free chromophore; pg, carotenoprotein.
b Protein shift in cm21.
c Ref. 2a.

Crystals of 3 were obtained in sufficiently good quality for X-ray diffraction
studies (see Experimental Details). The structure confirmed the assignment of the
all-trans geometry, demonstrating stereospecific formation of the 11,12-bond and
complete retention of configuration during the Wittig coupling reaction. Further-
more, starting with the 9-cis isomer of the C15-ketotrienal, we have also prepared
stereospecifically the 9-cis isomers of 3 and 2. Chemical shift differences of the key
signals between the two pairs of stereoisomers of 3 and 2 are listed in Table 3.
These observations reaffirm the NMR arguments by comparison of data of the
parent systems (11) and fluorinated retinoids (12) used for assigning the all-trans
geometry of 1b–d.

Upon storage of these fluorinated carotenoids even at 08C, we detected slow
isomerization to other cis isomers. Therefore, before binding to the protein was
attempted, the all-trans isomers of these fluorinated astaxanthin analogs were first
purified by preparative HPLC.

Pigment formation. Preparation of fluorinated a-crustacyanin analogs was
achieved by following the procedure described by Zagalsky (9) for extracting crusta-
cyanins from lobster carapace (in this case H. americanus not H. gammarus) and
then preparing and isolating the reconstituted crustacyanin products. In all four
cases, blue carotenoprotein analogs were obtained. The yield of a-crustacyanin
reconstituted with the 10-fluoro analog (1b, p50%) (13) approached that achieved
with astaxanthin (9). The yield from the unsymmetrical analog (2) was slightly
lower (p45%) as was observed for the corresponding nonfluorinated analog (adoni-
rubin) (3). In both cases, overnight incubation at room temperature was sufficient
for maximum formation of the complex. However, in the case of the 14F analog
(1d), we found that formation of the crustacyanin analogs proceeded at a much
slower rate as indicated by the UV-absorption spectra of aliquots taken during the
incubation period. After 5 days, the reaction was interrupted and after usual workup,
the a-crustacyanin analog was isolated with a yield of 5%.

UV-Vis data. The UV-Vis absorption and CD spectra of the four crustacyanin
analogs are shown in Figs. 2 and 3. Similarity of the shapes of the absorption spectra
and the CD curves of the analogs with that of the natural a-crustacyanin suggests
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FIG. 2. Absorption spectra of (a) reconstituted a-crustacyanin and (b) 10-F-, (c) 14-F-, (d) 10,109-
F2-, and (e) 10-F-3-dehydroxy-a-crustacyanin in D2O, in arbitrary absorbance scale.

FIG. 3. CD spectra of reconstituted (a) a-crustacyanin, (b) 10-F-a-crustacyanin, (c) 10,109-F2-crustacya-
nin, and (d) 10-F-39-dehydroxycrustacyanin.
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that the fluorinated astaxanthin analogs are bound in the same way as the natu-
ral astaxanthin.

In Table 2 are listed the UV-Vis spectral data of the fluorinated astaxanthins
and the corresponding crustacyanin analogs, the latter all blue-shifted from that of
the natural crustacyanin (by an average of 15 nm). The protein shifts (P.S.), calcu-
lated from the difference between the absorption maxima of the free carotenoid
and the crustacyanin complex, are all smaller than that of the parent system (by an
average of 195 cm21). The blue-shift effect of the electron-withdrawing F-substituent
appears to be additive as reflected by the data for the 10,109-difluoro- and the 10-
fluoro-analogs. We also note that the blue shift is larger when the F-substituent is
farther away from the electron-withdrawing carbonyl group on the ring (14-F vs
10-F). This trend is similar to those observed for rhodopsin (14) and bacteriorhodop-
sin (15, 16) analogs (i.e., the 10-F substituent, farther away from the iminium-N,
yielded pigments blue shifted from that of the 14-F). The slow rate of formation
and low yield of 14-F a-crustacyanin are noteworthy. We suspect that this regio-
specific effect is a result of interaction of the 14-F substituent with the portion of
the protein host that recognizes the 13-methyl group as detected in binding studies
with 13-demethylastaxanthin (3).

F NMR Spectra. We have recorded the F NMR spectra of the three analogs
(1b, c, and 2) containing 10-F-substituents (Fig. 4). For all three samples a broad
signal centered at 2111 ppm was observed and assigned to those of the protein-
bound astaxanthins. In the case of 1b, the sharp peak at 2120.6 ppm was due to
residual unbound chromophore. A downfield shift of the fluorine signal is typical
of that of a substrate when it is protein-bound. However, the magnitude of p10 ppm
downfield protein shift is slightly larger than those observed for labeled rhodopsin
analogs (4–8 ppm) (13), suggesting that the 10-F region is buried more deeply
within the protein. The width of the signal (WAs P 3 ppm), while consistent with a
protein of this size (17) (.320 kDa), unfortunately obscures some of the finer
structural information. The fluorine signal for the difluoro-analog (1c) is noticeably
broader than that of 2. We suspect this is a result of the different environment of
the two fluorine labels, reflecting the asymmetry of the binding site as detected by
the C NMR studies (3). However, the F chemical shifts difference is apparently
too small for resolution of the two signals. The sharper signal for 2 could be an
indication of preferential binding of the hydroxylated ring to one end of the binding
pocket. For 14-fluoroastaxanthin, the low pigment yield requires more extensive
effort before its F NMR spectrum can be recorded. Hence, any plan to use fluorine
label for detection of possible site specific perturbation effects of the protein binding
pocket will have to await a later date.

In summary, we have successfully demonstrated that it is possible to prepare the
fluoro-analogs of a-crustacyanin from the corresponding fluorinated astaxanthins.
The UV absorption spectra of the complexes, while slightly blue shifted, are similar
to that of the natural a-crustacyanin (3). These results, coupled with the F NMR
data, are useful in planning future studies of fluorinated analogs of crustacyanins.
For example, the smaller b-units of crustacyanin (2) could lead to better resolved
F-signals and analogs with the electronegative F-substituent near to the 4-keto
groups could conceivably modify the basicity of the carbonyl groups where hydro-
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FIG. 4. F-NMR spectrum (486 MHz) of a-crustacyanin pigment analogs from 10-F-astaxanthin
(bottom), 10,109-F2-astaxanthin (middle) and 10-F-adonirubin (top), p15 mg each in 1 ml buffered D2O
in a Shigemi sample tube with TFA being the external reference (276.6 ppm).

gen-bonding interactions with donors from the protein have been postulated to be
the cause for the unusual red-shift of the chromophore in a-crustacyanin (6).
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