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ABSTRACT

Deceleration of the regioselective cis/trans isomerization of all -trans -astaxanthin (ASTX) in the presence of Ca 2+ was shown by HPLC analysis.
The NMR and ITC analyses provided evidence for complexation of ASTX with Ca 2+ in 1:2 stoichiometry via chelation at both carbonyl and
hydroxyl groups. The rotation across torsion ω6 (C5−C6−C7−C8) upon complexation is consistent with the NOE between 7-H and 5-CH 3. This
study supports the inhibitory effect of ASTX on calcium-induced turbidity of lens crystallins.

Astaxanthin (3,3′-dihydroxy-â,â′-carotene-4,4′-dione, ASTX,
Scheme 1) is one of the most common xanthophylls found
in the red pigment of crustacean shells (e.g., of crab and
shrimp), salmon, and asteroideans.1 ASTX has several
biological activities, including immuno-modulating activity,2

hepatoprotection,3 and protection of isletâ-cells,4 and may
be used in disease prevention, e.g., antihypertension, and in
protection against ischemia-induced memory impairment.5

ASTX appears to be a more powerful antioxidant than other
carotenoids and vitamin E in conferring numerous health
benefits.6

In nature, carotenoids exist predominately in the all-trans
configuration. The long chain of conjugated carbon-carbon
double bonds within carotenoids is susceptible to light,
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Scheme 1. Structure oftrans-Astaxanthin, 9-cis-Astaxanthin,
and 13-cis-Astaxanthin
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oxygen, heat, and acid degradation. The cis/trans configu-
ration of the geometrical isomers greatly influences the
overall molecular shape. The all-trans isomer of ASTX
predominates in nature, but the 9-cis, 13-cis, and 15-cis
isomers are also encountered. The occurrence of the isomer-
ization of the all-trans isomer to the cis-isomers during the
extraction of pigments, saponification of thetrans-ASTX
ester, purification oftrans-ASTX, and preparation oftrans-
ASTX standard solutions has been studied by using various
organic solvents.7 The facilitation of the isomerization of
trans-ASTX to the cis isomers induced by copper ions in
ethanol has also been reported; however, the UV spectros-
copy and HPLC analysis data are limited, and no detailed
information on the structure of ASTX complexes has been
provided.8

We previously showed that ASTX inhibits calcium-
induced lens turbidity and that the ASTX/Ca2+ interaction
may be responsible for part of this protective effect.9 In fact,
calcium and calcium-dependent enzymes play specific roles
in the development of human diseases and symptoms,
including cataracts, impaired cognition, and insulin resis-
tance.10 Therefore, we aimed to investigate the chelation of
calcium by ASTX and the chemical interactions between
calcium and ASTX in order to provide meaningful interpre-
tation for the in vivo and in vitro activities of ASTX.

Effect of Ca2+ on Isomerization. The stoichiometry of
ASTX/Ca2+ in acetonitrile (ACN)/chloroform (1:1, v/v) and
ACN/CH2Cl2 (1:1, v/v) was analyzed by NMR and isother-
mal titration calorimetry (ITC), respectively. ACN was used
since it increased the solubility of Ca(ClO4)2. The formation
of the ASTX/Ca2+ complex within 3 min of adding calcium
ions was examined by using UV/vis spectroscopy. The
absorbance increased slightly as the molar ratio of calcium
ions increased, but the increase was not linear. The observed
slight red-shift of theλmax from 480 to 484 nm (see the
Supporting Information) might result from a slightly better
conjugation system in the polyene-backbone of this keto-
carotene owing to the ASTX/Ca2+ complex formation. The
results are consistent with (i) the lack of an apparent charge
transfer because of the binding of two calcium ions at both
ends of ASTX and (ii) the retention of the all-trans
configuration of ASTX during the titration. In comparison,
incubation oftrans-ASTX with Cu2+ shows a large blue-
shift from 480 to 373 nm with decreased intensity in ethanol,8

presumably due to the accelerated isomerization to 9-cis-
and 13-cis-ASTX having the polyene chromophore twisted.
The cis/trans isomerization oftrans-ASTX to 9-cis or 13-
cis forms has been reported with first-order and reversible
reaction kinetics in both CH2Cl2 and ACN solutions,11 and
such an isomerization can be accelerated by thermal incuba-
tion.7 Since we incubated samples under 37°C in earlier

lens studies, we also incubated the samples at 37°C in the
current study. Thetrans-ASTX isomerization upon chelation
with calcium ions was then analyzed by HPLC. Isomerization
decelerated whentrans-ASTX was incubated with calcium
ions at an ASTX/Ca2+ molar ratio of 1:2 (Figure 1); similar

results were obtained with a molar ratio of 1:4. These results
differed from the previously reported acceleration of cis/
trans isomerization of ASTX induced by NaCl7 and by
copper ions,8 both of which were for different reaction times
and at different temperatures. However, the observed regio-
selectivity, e.g., production of predominantly 13-cis-ASTX
(∼18%) after thermal incubation and a decrease (∼6%) in
9-cis-ASTX formation in the presence of calcium after 48
h, was similar to the results of other studies.7,8

Interaction of ASTX with Ca 2+. The binding properties
of ASTX (2 mM) with calcium ions in ACN/chloroform (1:
1, v/v) were evaluated by NMR. Addition of Ca2+ to ASTX
at various molar ratios (ASTX/Ca2+ 1:1 to 1:128) caused
downfield shifts in all proton signals of cyclohexenone
moiety (Table 1). The most significant proton chemical shifts
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Figure 1. The cis/trans isomerization of ASTX in the presence of
calcium at 37°C. The relative amount of (A)trans-astaxanthin,
13-cis-astaxanthin (insert), and (B) 9-cis-astaxanthin in CH2Cl2/
ACN (1/1, v/v) in the presence or absence of Ca(ClO4)2 are
shown: (b) ASTX; (O) ASTX/Ca2+ (1:2, mol/mol); (1) ASTX/
Ca2+ (1:4, mol/mol); (3) ASTX/Ca2+ (1:8, mol/mol); and (9)
ASTX/Ca2+ (1:16, mol/mol).
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were the hydroxyl (3-OH,∆δshift ) 1.68 ppm) andR proton
of the ketone group (H3,∆δshift ) 0.44 ppm). The 2-D
heteronuclear1H-13C HMQC (1J) and HMBC (2J and 3J)
also showed downfield shifts in the carbon nuclei, including
C3 (∆δshift ) 2.26 ppm) and C4 (∆δshift ) 2.60 ppm). These
results strongly indicate that theR-hydroxylketone utilizes
the lone pairs at the 3-oxygen and 4-carbonyl groups as the
functional site involved in calcium chelation.

A clockwise rotation of the polyene chain across bond
C6-C7 was suggested by the ROESY spectra of ASTX with
and without calcium. The observed additional NOE of the
ASTX/Ca2+ (1:32) complex, 7-H/5-CH3 (Figure 2B), was
used in the molecular simulation with a distance restraint
set at medium range (3.0-4.0 Å). The results led to a model
with a torsion ω6 (C5-C6-C7-C8) of -117.0°. This
significant twist also reflects the nuclear downfield shift of
C6 (∆δshift ) 3.78 ppm), C7 (∆δshift ) 1.47 ppm), and H7
(∆δshift ) 0.10 ppm). This structure contrasts the previously
reported X-ray analysis of uncomplexed ASTX withω6
torsion of 59.3° (Figure 2A).12 Our chelation model of
ASTX(Ca2+)2 complex indicated a betterπ-electron conjuga-
tion system of the cyclohexenone moiety to polyene,13 and
the metal ion induced conformational regidification14 thus
provided a reasonable explanation for the increase in
absorbance. Because the 9-alkenyl group is closer to the
calcium-chelation site, it would be more easily stabilized
in the presence of calcium ions. This model of calcium-
chelated ASTX could also explain why the isomerization of
trans-ASTX gave more 13-cis isomer than 9-cis isomer in
the presence of calcium ions.

Thermodynamics of the ASTX/Ca2+ Complex. The
measured absorbance of a chromophore can usually be used
to characterize the binding properties of a ligand/metal

complex,14 but it is difficult to obtain this characterization
without an isosbestic point in the UV/vis spectra. We used
a Job plot to study the various concentrations of ligand/metal
pairs following a design similar to that used in NMR
analyses.15 The results obtained by monitoring the downfield
shifts of H3 of ASTX suggested that ASTX complexes two
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Table 1. 1H and13C NMR Chemical Shifts (ppm) of ASTX
and ASTX/Ca2+ Complex in ACN/Chloroforma

proton δASTX
H δcomplex

H ∆δshift
H b carbon δASTX

C δcomplex
C ∆δshift

C b

CH3
pro-S 1.32 1.35 0.02 CH3

pro-S 24.75 24.46 -0.29
CH3

pro-R 1.20 1.25 0.05 CH3
pro-R 29.39 29.27 -0.12

H2 2.14 2.16 0.02 C1 35.69 36.41 0.72
H2′ 1.76 1.91 0.15 C2 44.40 44.16 -0.24
H3 4.29 4.73 0.44 C3 68.16 70.42 2.26
3-OH 3.61 5.29 1.68 C4 199.32 201.92 2.60
H7 6.46 6.56 0.10 C5 125.85 125.79 -0.06
H8 6.27 6.29 0.02 C6 160.96 164.74 3.78
8-CH3 1.89 1.91 0.02 C7 140.95 142.42 1.47
H10 6.45 6.49 0.04 C8 122.78 122.17 -0.61
H12 6.33 6.38 0.05 C9 133.97 133.92 -0.05

a ASTX, astaxanthin (1 mM) in ACN-d3/chloroform-d1 (1:1). The
complexation of ASTX/Ca2+, ASTX (1 mM) and Ca(ClO4)2, (1:32, mol/
mol). b ∆δshift

H ) δASTX/Ca
H - δASTX

H . ∆δshift
C ) δASTX/Ca

C - δASTX
C .

Figure 2. Partial ROESY spectra of ASTX (2 mM) alone (A) and
with 32 molar equiv of calcium ions (B) with a mixing time of
300 ms. The structural model in part A shows the partial 3-D
structure of ASTX from the X-ray databank that matches the data
obtained by ROESY. The structural model of ASTX/Ca2+ in part
B is based on molecular simulation and indicates a clockwise
rotation of the polyene chain across bond C6-C7 when compared
to the native ASTX.
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our ITC results (Figure 3) indicated that the association
constant (Kass) of the ASTX/Ca2+ complex prepared in CH2-
Cl2/ACN (1:1) was 2830( 546 (M-2) at 300 K and the
molar ratio was 1:2. In addition, the results of ITC showed
not only a favorable enthapy change (∆H ) -4140( 95.65
cal/mol) but also an increase in entropy (∆S ) 1.96 cal/

(mol K)). We therefore speculated that the calcium ion might
coordinate with several solvents or counter molecules before
complexation with ASTX. Once the ASTX/Ca2+ complex
formed, the boundary molecules on Ca2+ were liberated, and
this would account for the positive entropy change.

In summary, the present study demonstrates thattrans-
ASTX provides binding capacities for two calcium ions and
therefore provides a reasonable explanation for the calcium-
induced slight increase in absorbance in the UV/vis spectra.
The main chelating site is theR-hydroxycyclohexenone. Such
a calcium-chelating activity of ASTX may provide a rationale
for the protective effects of ASTX against calcium-induced
lens turbidity9 because the presence of ASTX would result
in less residual free calcium for calpain activation and would
indirectly protect against proteolysis. Moreover, at body
temperature (37°C), a regioselective isomerization of ASTX
in the presence of calcium did not change the proportion of
13-cis-ASTX at 48 h. This result may partially explain the
reported relative accumulation of the 13-cis isomer over 9-cis
and all-trans ASTX in human plasma after supplementation
with dietary ASTX.17 Nonetheless, the information on how
temperature or endogenous metals other than Ca2+ affect the
isomerization of ASTX and influence its biological activity
in mammals is still limited. We are currently studying the
effects of various divalent metals on cis/trans ASTX at
various temperatures.
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Note Added after ASAP Publication: In Table 1, sixth
column head, the H should have been a C, this was incorrect
in the version published July 13, 2007; it was corrected in
the version published July 23, 2007.
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Figure 3. Isothermal titration calorimetry of the complex formation
of ASTX (0.25 mM) and calcium ions (7.5 mM) at 300 K. (A)
Raw data obtained from 48 automatic injections (6µL each) of
Ca2+ and (B) the integrated fitting curve showing the experimental
points with the value of the parameter,n ) 2, by using a one-site
binding fitting function.
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