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Abstract

The carotenoid astaxanthin forms novel metal ion complexes with Ca2*, Zn2* and Fe2*. MS and
NMR measurements indicate that the two oxygen atoms on the terminal cyclohexene ring of
astaxanthin chelate the metal to form 1:1 complexes with Ca2* and Zn2* at low salt concentrations
< 0.2 mM. The stability constants of these complexes increased by a factor of 85 upon changing
the solvent from acetonitrile to ethanol for Ca2* and by a factor of 7 for Zn2* as a consequence of
acetonitrile being a part of the complex. Optical studies showed that at high concentrations (> 0.2
mM) of salt 2:1 metal:astaxanthin complexes were formed in ethanol. In the presence of Ca?* and
Zn2* salts the lifetime of the radical cation and dication formed electrochemically decreased
relative to that of the carotenoid neutral radical. DFT calculations showed that the deprotonation
of the radical cation at the carbon C3 position resulted in the lowest energy neutral radical while
proton loss at the C5, C9 or C13 methyl groups was less favorable. Pulsed EPR measurements
were carried out on UV-produced radicals of astaxanthin supported on silica-alumina, MCM-41 or
Ti-MCM-41. The pulsed EPR measurements detected the radical cation and neutral radicals
formed by proton loss at 77 K from the C3, C5, C9, and C13-methyl groups and a radical anion
formed by deprotonation of the neutral radical at C3. There was more than an order of magnitude
increase in the concentration of radicals on Ti-MCM-41 relative to MCM-41, and the radical
cation concentration exceeded that of the neutral radicals.

Introduction

At high light intensities photosynthetic organisms gather more light than they need and
quench what is not needed in order to avoid unwanted photochemical reactions. For
instance, the antenna of photosystem Il (PS I1) in plants contains the trimetric light
harvesting complex (LHC Il) as the major light harvesting complex. Under intense light
irradiation, nearly all the absorbed energy is not needed and is dissipated harmlessly without
causing photochemical damage.’:2
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To further understand this process, the quenching role of the different carotenoids in the
trimeric major LHC 11 complex has been investigated. It was found? that zeaxanthin and
lutein have a direct role in quenching the chlorophyll excited state, while violaxanthin and
9'-cis neoxanthin do not directly contribute to quenching. A proposed quenching mechanism
among several involves a charge-transfer state? between zeaxanthin (Zea) and chlorophyll
(Chl). For separations up to approx 5 A, the charge-transfer state quenches Chl excited
singlet states, transiently producing Zea™ and Chl*~. The excess energy is dissipated
through the C-C vibrational modes of Zea**. This charge-transfer quenching mechanism has
also been observed in LHC I minor complexes CP24, CP26 and CP 29.5:6:7 Recently, an
additional step has been proposed®: proton loss from Zea"* to form the #Zea" neutral radical
(# indicates proton loss) which is a very efficient quencher of excited states. A similar
quenching reaction could occur with lutein because proton loss can readily occur from its
terminal rings which lie in the hydrophilic lumen and stroma regions, but not with 9’-cis
neoxanthin or violaxanthin whose terminal rings can not readily lose a proton. This proton
loss in the lumen/stroma regions at pH 4 to 7 is possible because of the pKa of carotenoid
radicals lies between 4 and 7.

We now have extended our study to astaxanthin, a carotenoid similar to zeaxanthin with a
keto group in addition to the OH on the terminal cyclohexene rings. The two adjacent
oxygen atoms on the cyclohexene ring permit formation of stable complexes with metal ions
as seen with hydroxyl substituted quinones and o-quinols.®:10:11 The unusual metal
complexing ability may be an important feature of astaxanthin in some organisms. For
example, in some unicellular green algae, astaxanthin accumulates in huge amount (up to 30
mg/g) under high light conditions, often in the presence of excess metal ions.12:13:14,15,16
This accumulation is generally thought!® to be a survival strategy of the algae under
photooxidative and salt stress. Under stress Haematococcus pluvialis accumulates 1% of cell
mass as carotenoids, 1% iron, 1% magnesium, 1% iron and 2% calcium.1” The 1%
carotenoid fraction consists of 70% monoesters of astaxanthin, 10% diesters of astaxanthin
and 5% astaxanthin, with approximately 5% each of lutein, canthaxanthin and 3-carotene.

The astaxanthin cyclohexene ring has a structure similar to many a-hydroxy-ketones and
hydroxy quinones which posses high biological activity, including the ability to form chelate
complexes with metal ions. The novel ability of astaxanthin to interact with metals might be
responsible for the inhibition of calcium-induced lens turbidity by this carotenoid.18 We
examine here the formation of complexes between astaxanthin and divalent metal ions (Ca,
Zn, Cu, Fe), and their effect on the photoinduced electron transfer reaction.

Experimental Section

Chemicals and samples preparation

Astaxanthin purchased form Sigma (99%) was stored at —14 °C in a desiccator containing
drierite. The sample purity was determined by 1H NMR (360 MHz, CDCl3) and TLC
analysis. No unaccounted NMR lines were observed and the purity was estimated to be
better than 98%.

Methylene chloride (CH,Cl») (Aldrich, anhydrous), acetonitrile (CH3CN) (Aldrich,
anhydrous), ethanol (Co,H50H) (Aldrich, anhydrous), were stored under nitrogen in a dry
box and used without further purification. The deuterated solvents, CDCl3 (Cambridge
Isotope Laboratories) CD3CN (Aldrich) and C,Ds0D (anhydrous, Cambridge Isotope
Laboratories), were used as supplied. The hydrated metal salts, Ca(ClO4),, Zn(ClO4), and
Fe(ClOg4), were purchased from Strem Chemicals, Alfa Aesar and Aldrich, respectively.
Anhydrous Ca(ClO,), was prepared from the hydrate by heating at 600 K for a few hours?®.
Anhydrous Zn(ClQg4), was prepared from the hydrate by heating at 400 K for a few hours
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under vacuum.2® Anhydrous Fe(ClO,), was attempted by heating a sample of the hydrated
compounds, however decomposition occurred and FeCl, had to be used when anhydrous
conditions were needed. FeCl, 98% was purchased from Aldrich and used as supplied.

The siliceous material MCM-41 was previously prepared in our lab following the procedure
of Beck et al.2! Ti-substituted MCM-41 (Ti-MCM-41) was prepared as previously
described.?2 Silica-alumina (Aldrich, Al,O3 = 13%) was activated by heating at 550 °C for 5
h in air in an open ceramic “boat,” then cooled to 50 °C and stored in a desiccator. Ti-
MCM-41 and MCM-41 were activated by heating at 360°C for 12 hours in air in a quartz
EPR tube to remove OH™ ions and water adsorbed on the surface. It was cooled to room
temperature and then the carotenoid solution added to the sample in the presence of an inert
gas and the sample tube sealed.

Carotenoid solutions in CH,Cl, (1072 to 1073 M) were degassed in 4 mm quartz EPR tubes
by three freeze-pump-thaw cycles. An appropriate amount of fresh activated silica-alumina
was then added to the carotenoid solution in the EPR tube. The solvent was evaporated
under reduced pressure, then the tube was evacuated and sealed. EPR samples were stored at
77 K.

Optical absorption spectra in the range 300 to 1000 nm were recorded with a double beam
Shimadzu UV-visible 1601 spectrophotometer (190-1100 nm). NMR spectra were recorded
with a Bruker AV-360 spectrometer. The mass spectra were taken on a Bruker HCT ultra
PTM Discovery System using the electrospray ionization (ESI), positive and negative
modes. The negative mode showed only salt fragments. Initially concentrated solutions (0.1
mM carotenoid and about 1mM of salt) were prepared and then the solution was diluted by a
factor of 10. Mass spectra were taken for the diluted solution and the positive mode showed
the complex formation.

EPR and ENDOR Measurements

Pulsed ENDOR experiments were carried out with a Bruker ELEXSY'S E-680W/X FT/CW
pulse X-band EPR spectrometer with an ENI A-500 RF power amplifer using the Mims (n/

2—1—n/2—T—n/2—t—echo) pulse sequences with a RF w-pulse applied during the delay time
T. 23

Pulsed ENDOR simulations were performed using the SimBud/SpecLab programs2* using
hyperfine coupling tensors obtained from DFT calculations. Simulations of the individual
couplings were summed and processed using the SpecLab program. CwW ENDOR
measurements were recorded at 130 K using an ELEXSYS-560 X-band CW ENDOR
spectrometer.

Cyclic voltammetry (CV) was carried out using the Bio Analytical Systems BAS-100W
electrochemical analyzer. The working electrode was platinum with 1.6 mm diameter. The
auxiliary electrode was a platinum wire, and the reference electrode was saturated calomel
electrode. All solutions were prepared in a dry box under a nitrogen atmosphere. The CV
cell containing the solution was assembled in the dry box and sealed. The assembled cell
was then removed from the dry box and the electrodes attached for CV measurements.
Except as specifically noted, the dichloromethane solutions contain 1 mM of astaxanthin and
0.1 M of tetrabutyl- ammonium hexafluorophosphate (TBAHFP) as the supporting
electrolyte.
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DFT Calculations

Results

All DFT calculations were done with the Gaussian 03 program package?® on the Cray XD1
computer at the Alabama Supercomputer Center. Geometries were optimized at the B3LYP/
6-31G** level,26:27 which we have previously shown?8 to be suitable for predicting the
geometry of B-carotene-based radicals. Single point calculations at these geometries were
used to predict ENDOR hyperfine couplings at the B3LYP level with the TZP basis set from
the Ahlrich’s group.2® This basis set has been shown to give good NMR chemical shifts30
and EPR parameters that agree well with the experimental data for carotenes.8:3! The proton
hyperfine couplings calculated with this method are within 0.5 MHz of the experimental
couplings, whereas other levels of theory give values that differ by as much as a factor of
2.31 The unpaired spin densities were obtained using the AGUI interface (Semichem, Inc.)32
from the wave functions and spin densities produced by Gaussian 03. The unpaired spin
density is defined as the difference in the alpha and beta spin densities.

NMR and MS measurements

Complex formation between carotenoid astaxanthin and the divalent metal ions Ca2* and
Zn2* in ethanol and acetonitrile solutions was clearly observed in the 1H NMR spectra (360
MH?z) of astaxanthin in the absence and in the presence of 30 mM Ca(ClO4), or Zn(ClO4),
(Figure 1). The maximum change in chemical shift was observed for the 3-CH proton
nearest to the OH group. For the calcium and zinc complexes these changes are +0.4 and
+0.5 ppm respectively in ethanol solution. Small changes were detected for other protons of
the cyclohexene ring: 0.10 — 0.15 ppm for the 2-CH protons and 0.05 — 0.10 ppm for the 5-
CHs protons (see Tables 1 and 2).

These observations of complex formation were supported by positive mode ESI MS spectra
of astaxanthin in the presence of Ca(ClOg), or Zn(ClO4), or FeCls in acetonitrile. Peaks
with m/z = 318.2 (318.2 expected) [Ast+Ca]?* and m/z = 597.4 (597.4 expected) [Ast+H]*
were detected in the presence of Ca(ClO,4), (Figure 2). The corresponding peaks for the zinc
and iron complexes with 1:1 stoichiometry with m/z = 330.1 (330.2 expected) [Ast+Zn]%*
and m/z = 326.0 (236.2 expected) [Ast+Fe]2* were also detected in the presence of
Zn(ClOy), and FeCly, respectively. These measurements show that at low salt concentration
a 1:1 astaxanthin to metal ion complex is formed at the 3-CH proton nearest to the OH
group.

Optical study

Stability constants of the astaxanthin chelate complexes with different divalent metal ions
(Ca?*, Zn?*, Cu?*, FeZ*) were measured optically in polar solvents, ethanol and acetonitrile.
These metal ions produced significant changes in the astaxanthin absorption spectra. The
stability constant and stoichiometry of the complex were deduced from the dependence of
the optical density at fixed wavelength on the salt concentration. The astaxanthin absorption
maximum shifts in the presence of Fe(CIO,4), from 480 nm (pure carotenoid) to 492 nm
(complex) simultaneously with the appearance of a shoulder at 520-600 nm (Figure 3).
Similar changes were detected for the Ca and Zn complexes. In the case of Cu2* ions, a
different mechanism is responsible for the optical changes. Electron transfer from carotenoid
to metal ion occurs with the formation of the astaxanthin radical cation. The radical cation
was clearly observed at 878 nm in methylene chloride solution where carotenoid radical
cations are known to have high stability (Figure 4). The red shift of the absorption maximum
accompanied by a decrease in intensity and the appearance of the characteristic “cis” peak at
350 nm point to the formation of cis-isomers of astaxanthin via an electron transfer
mechanism.33
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The stability constants and stoichiometry of the astaxanthin metal complexes were
determined using a Benesi-Hildebrant plot of the astaxanthin optical density at 550 nm as a
function of salt concentration [M] (see Figure 5 for a typical example):

A/AA - 1=1/[M]" x 1/K

Here AA is the change in optical density, A = AAmax, and K is the stability constant of the
complex. In some cases the concentration dependence was not a linear function of 1/[M]"
for 1:1 (n = 1) or 1:2 (n = 2) complexes. We suggest that 1:2 complexes form in two steps
with different equilibrium constants K; and K, (Scheme 1).

The stability constants for all systems are listed in Table 3. In general, the stability constants
K, for the complex with 1:1 stoichiometry are larger than the K,. At concentrations below
0.2 mM of the free metal ion the complex of astaxanthin with metal ions exists mainly with
1:1 stoichiometry in ethanol. The stability constants in ethanol are larger than in acetonitrile
solution. We suggest that this difference might be due to solvation effect of acetonitrile and
involvement of CH3CN molecules in the complex as was found for 0-quinones.34 In a study
of the complex formed between o-quinones and zinc chloride or bismuth trichloride in
nonaqueous media3® it was found that two molecules of CH3CN were part of the 1:1 o-
quinone-metal complex.34 With CH3NO, as solvent, the complex was inert to CH3zNO,
because the metal chloride behaves as a nonelectrolyte and the donor strength of CH3CN is
larger than CH3NO.. It is well known that the partial charge on the metal atom is one of the
factors controlling the complex formation.3* Based on these studies, the low stability
constants for complexes of astaxanthin in the presence of CH3CN and the large stability
constants in the presence of ethanol could be rationalized if CH3CN was part of the complex
while ethanol was not.

CV measurements

The cyclic voltammetry (CV) technique was used to examine the effect of complexation
with the metal ions on a) the lifetime of astaxanthin radical cation and dication, and b) the
first and second oxidation potentials. CV measurements of carotenoids are always difficult
because the slightest trace (uM) of water will cause irreversible CV to occur due to
decomposition of the radical cation and dication.36:37

It has been established that the ideal solvent is anhydrous CH,Cl, where traces of HCI have
been neutralized. Samples are prepared and CV cells assembled in an inert dry box to avoid
any moisture and air contamination. To determine the absolute values of the oxidation
potential extensive and careful CV measurements are normally carried out with CH,Cl, as
the solvent and CV recorded over 5 orders of scan rate.38 A computer fit to the CV spectra
as a function of scan rate determines an oxidation potential versus SCE.

In Figure 6 are given the CVs of astaxanthin in anhydrous CH,Cl,. At a scan rate of 1000
mV/s the CV is near reversible. The first and second oxidation peaks versus SCE occur
around 755 mV and 974 mV corresponding to the formation of astaxanthin radical cation
and dication, respectively. Upon reversing the scan, the reduction waves for the radical
cation and the astaxanthin molecule occur, followed by a peak around 250 mV for the
reduction of the astaxanthin cation (formed by loss of a proton from the dication) into the
neutral radical of astaxanthin.36

CV plots (Figure 6) as a function of scan rate (from 1000 mV/s to 10 mV/s) with CH,Cl; as
solvent showed that the lifetimes of the radical cation and dication are short compared to the
duration of the scan at 10 mV/s where irreversible CV occurs. Unfortunately, the salts
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studied here do not dissolve in CH,Cls. Instead, a much less satisfactory solvent, CH3CN,
must be used where traces of moisture remain even after the most vigorous attempts to
eliminate them. This results in irreversible CV which makes it difficult to determine
oxidation potentials. However, relative oxidation potentials can still be deduced using an
established reference. The absolute oxidation potential has been reported for canthaxanthin
(carotenoid without OH group at 3 position of cyclohexene ring) in CH,Cl,.38 Therefore
CV measurements of canthaxanthin were made in CH3CN as a reference and then
astaxanthin in CH3CN as the solvent and in the presence of Ca2* and Zn2* salts were
recorded relative to this reference (Figure S1 in the supporting information). The CV
recorded at a scan rate of 1000 mV/s showed that the presence of Ca2* ions (not hydrated)
significantly reduced the lifetime of the radical cation and dication as indicated by near lack
of reduction peaks on the reverse wave, and increased the concentration of the carotenoid
neutral radicals. A smaller decrease occurs in the presence of Zn?*. The presence of Ca2* or
Zn2* salts shifted the oxidation potential to lower potentials by approximately 60 mV and 20
mV, respectively.

The irreversible character of the CV using CH3CN as a solvent was most dramatically seen
at low scan rate (10 mV/s) where the lifetimes of the radical cations and dications are
comparable to the scan time, for example compare Figure S1 (1000 mV/s) with Figure S3
(10 mV/s). The use of hydrated salts as received without drying results in the irreversible
CVs which are not interpretable (compare Figure S3 (in CH3CN at 10 mV/s) to Figure S4
(in CH3CN at 10 mV/s)).

In Figure 7 are given the relative scavenging rates of carotenoids toward peroxyl radicals as
reported earlier3® as a function of potential versus SCE, when the carotenoids are dissolved
in CH3CN. The apparent first oxidation potential measured for canthaxanthin in CH3CN and
as reported previously, equaled 0.680 V and astaxanthin measured in CH3CN was 0.723V.
The same differences were observed with other scan rates. As previously demonstrated3 the
non-linear behavior toward the scavenging rates is an important feature of Figure 7. For
carotenoids with lower oxidation potential such as B-carotene or zeaxanthin, a small change
in oxidation potential does not change the scavenging rate. However, for canthaxanthin (B),
8'-apo-p-caroten-8'-al (C) and the ester (E) a small change does result in a significant change
in the antioxidant activity of the carotenoids.3® For example, the scavenging rate of
canthaxanthin (E1/,=0.68 V) for OOH" radicals increased by a relative factor of 50 and for
7'-apo-7',7'-dicyano-B-carotene (E1/,=0.725 V) increased by a relative factor of 120 when
the oxidation potential was shifted approximately 50 mV by formation of the
supramolecular complexes with glycyrrhizic acid.3® This non linear dependence of
scavenging rate on oxidation potential is consistent with the reported photoprotect property
of astaxanthin. Figure 7 shows the predicted scavenging rate for astaxanthin (red circle),
which is in agreement with the relative antioxidant ability of astaxanthin and p-carotene. It
has been shown also that upon forming the ethyl-8'-apo-p-caroten-8'-oate (0.737 V) ester of
8'-apo-B-caroten-8'-al (0.715 V), the scavenging rate increased by a factor of 8.41

The appearance of the carotenoid radical cations, dications and neutral radicals in the CV
suggested DFT and EPR measurements to establish their structure.

DFT Calculations

Astaxanthin is a symmetric molecule (see Scheme 2) and the primed positions are equivalent
by symmetry with the unprimed positions, so calculations of the carotenoid neutral radicals
were carried out only for the proton loss at the unprimed positions.

Calculations were carried out for the radical cations Ast** and for the neutral radicals formed
by loss of the C5-, C9-, and C13-methyl protons, namely #Ast’(5), #Ast” (9) and #Ast" (13),
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respectively. Loss of H* from the radical cation is indicated by #. On the basis of the results
for other carotenoids®:28 these species were expected to occur, according to Scheme 2 upon
light irradiation in activated silica-alumina. In addition, calculations were performed for loss
of a proton from the C3 position to generate #Ast*(3)a and #Ast*(3)b, and for further loss of
the proton from the hydroxyl group of these radicals to generate the radical anion Ast*™
(Scheme 2).

The optimized geometries for the radicals are given in the Supporting Information in Tables
S1-S7. The unpaired spin density distributions for the radical cation, the neutral radicals
formed by proton loss, and the radical anion are shown in Scheme 2, on the right. The
radical cations and the neutral radicals exhibit an odd-alternant spin pattern (see also Tables
S8-S14 in supporting information), with positive spins (blue) alternating with negative spins
(green). The DFT isotropic proton couplings for the astaxanthin radicals are given in bold
type, and the anisotropic a-proton couplings are given in standard type (see Tables S8-S14
in supporting information).

When a proton is lost from the radical cation (as in Scheme 2), the unpaired spin density
increases at carbons on the other end of the chain. The neutral radical #Ast*(5) formed is the
most stable radical formed by proton loss from the methyl groups, having the unpaired spin
density distributed throughout the molecule from C5 to C5’ (see Scheme 2). The length of
delocalization of the spin density for the neutral radicals formed by proton loss at the methyl
groups decreases from #Ast"(5) to #Ast*(9) to #Ast*(13), so the relative energies of the
neutral radicals are expected to increase in the same direction (see Table 4). Astaxanthin can
also lose a proton at the 3(3’) position giving rise to a neutral radical (#Ast*(3)a) even lower
in energy. This radical has very large couplings (18.62 MHz and 75.89 MHz, see table S12
in supporting information) which were not observed in the experimental EPR spectrum.
Proton transfer from the hydroxyl group of #Ast’(3)a to the 4 carbonyl oxygen would give
rise to a neutral radical #Ast’(3)b at even lower energy, with couplings as large as 14 MHz,
and very similar to those of #Ast*(5) (see S9 and S13 in supporting information). Further
deprotonation of the hydroxyl group of either neutral radical #Ast*(3)a or #Ast*(3)b would
form the same radical anion Ast*~, and would allow complexation with metals. The
conjugation length of this radical is the longest of all the radicals and even is longer than the
lowest energy neutral radical structure of zeaxanthin.8 DFT energies of the neutral radicals
and the radical anion relative to that of the radical cation are given in Table 4.

EPR and ENDOR studies

Mims ENDOR spectra were measured as a function of t and simulated for the radicals on
silica-alumina (Figure 8).

Pulsed ENDOR spectra were measured at different delay times t to avoid the “blind-spot”
effect where ENDOR amplitude has periodic oscillations that are proportional to 1 -
cos(2nAt).23 The isotropic coupling constant values (A) listed in Table 5 for methyl protons
determined from DFT were used in the ENDOR spectral simulations along with the
anisotropic components listed in Tables S8-S14 in supporting information.

In powder cw ENDOR spectra, lines from a-protons are often broaden and not easily
detected, while the B-protons usually have very little anisotropy and give rise to narrow and
intense lines. cw ENDOR spectra can be simulated using only the isotropic couplings for B-
methyl protons.28

In contrast, powder pulsed H ENDOR spectra exhibit resolved features which can only be
simulated if the full tensor (anisotropic and isotropic components) found in Tables S8-S14
used. The fit at the outer edges is definitive because the edges contain contributions from
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only the neutral radicals. Figure 8A (t = 220 nm) and 8B (t = 200 nm) shows the fit in black
if only proton couplings of the radical cation are included. The fits are much better when
proton couplings of the neutral radicals are included in the simulation. The blue curve
includes these neutral radical species and the outer edges are accounted for, in agreement
with the experimental spectrum. The spectral lines in the center of Mims ENDOR spectra
are due to proton couplings less than 2 MHz and to the matrix protons neither of which were
included in the simulation. Figure 9 shows the individual contribution of each radical to the
spectrum.

The Mims ENDOR simulation does show in Figure 9 isotropic couplings greater than 15
MHz (the maximum value of the isotropic couplings for the radical cation is 9 MHz) from
the methyl groups in each neutral radical. These large couplings from the individual neutral
radicals are required for the Mims ENDOR lines above 22.5 MHz and below 7.5 MHz along
with a small contribution from large anisotropic couplings. The central portion of the Mims
ENDOR spectrum in Figure 8 can be accounted for if a significant amount of the radical
anion of astaxanthin Ast*™ is present. Simulation of the radical anion in Figure 9 shows
intense ENDOR lines in the central region between 13 and 17 MHz. The observed EPR
spectra could be due to Ti3* or SiO radicals. However, the presence of these radicals would
not produce proton ENDOR and ESEEM spectra with proton modulation as shown in Figure
S5.

Powder cw ENDOR measurements (Figure 10) at 130 K taken in the absence of UV/IR
irradiation for astaxanthin on silica-alumina showed only the formation of the radical cations
because no couplings greater than 9 MHz were observed, consistent with the absence of
neutral radicals. Previously, the absence of the neutral radicals was observed for B-carotene
formed on silica-alumina in the absence of light.28 Upon irradiation neutral radicals were
formed® by loss of the proton from the carotenoid radical cation. The cw ENDOR
measurements of astaxanthin with isotropic proton couplings less than 9 MHz in the absence
of light are consistent with the observed increase in EPR linewidth upon light irradiation for
2 min indicating production of neutral radicals (see Figure S6 in supporting information)
with isotropic couplings greater than 9 MHz.

In Figure 11A, B and C are given the Mims ENDOR spectra when astaxanthin is added to a
MCM-41 or Ti-MCM-41 matrix and irradiated at 77 K with light. Examining Figure 11A
and Figure 11B when 7 is varied from 200 ns to 220 ns indicates that the concentration of
the radical cations (indicated by grey area) formed in the presence of Ti(IV) exceeds that of
the neutral radicals. This observation suggests that the presence of Ti(IV) has a stabilizing
effect on the radical cation in the presence of light.

Furthermore, comparing the normalized field sweep EPR spectra (corresponding to the
ENDOR spectra in Figure 11A and Figure 11C) and correcting for the Boltzmann factors
shows a 66-fold increase in the presence of the Ti(IV) electron acceptor. Thus a metal
electron acceptor can increase the radical yield by more than an order of magnitude.

Discussion

The ability of astaxanthin to form chelate complexes with metal ions as shown in the present
study is an extremely important feature from several points of view. First of all, an excess of
metal ions, such as Ca2*, Fe2* and Zn2* has negative health effects. For example, Fe2*
produces reactive oxygen species, especially OH radicals via interaction with hydrogen
peroxide.#2 Ca2* induces lens turbidity and other diseases.1® Zn2* inhibits the mitochondrial
complex | (NADH: ubiquinone oxidoreductase),*3 which is central to energy transduction,
and whose dysfunction is implicated in neurodegenerative and muscular diseases and in
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aging. Astaxanthin is capable in vitro of protecting porcine lens proteins from oxidative
insult and degradation by calcium-induced calpain.* Although the free Ca2* levels in vivo
may be unknown, the authors suggested that astaxanthin must react with Ca2* to form a
complex leading to the decrease of free ion concentration, which then resulted in less
activation of calpain to hydrolyze lens proteins. Another example is the reported decrease of
the isomerization rate of astaxanthin in the presence of calcium ions in solution at high
temperature.*> This decrease might be important for nutrition because cis-astaxanthin is not
utilized by living organisms to the same extent as the trans form.46 We find that astaxanthin
does not form chelate complexes with Cu2* ions, but we find instead the electron transfer
from carotenoid to metal ion occurs (see Figure 4) which does promote cis-trans
isomerization of carotenoids3347 The corresponding radical cations and especially dications
of carotenoids have lower isomerization energy barriers than the neutral carotenoid
molecules. Previously it was shown?8 that cis-trans isomerization occurs for other
carotenoids as well, such as p-carotene in the presence of Cu?* ions. In addition, metal ions
can increase the efficiency of photoinduced electron transfer from the carotenoid to the host
matrix containing the metal ion.33:49

Astaxanthin has the highest antioxidant activity among natural carotenoids, it is 10 times
more effective an antioxidant than p-carotene, and >100 times more effective than vitamin
E.16:40,50 \We have also shown earlier that the ability of carotenoids to scavenge peroxyl
radicals increases significantly with increase of the redox potential.>! The high antioxidant
activity of astaxanthin may be a direct result of having the highest reduction potential among
natural carotenoids.

In addition to the health benefit, metal complexes possibly play an important role in the
photoprotective action of astaxanthin. Our observations show that astaxanthin metal
complexes have significantly broader absorption spectra which can provide additional light
absorption in the visible region. Also, upon complexation, the electron-withdrawing effect
of the positively charged metal ions should decrease the electron density on the cyclohexene
ring. This decreased electron density increases the acidity of the astaxanthin, facilitating
proton loss® and the formation of mono and di-esters.>3

EPR measurements of astaxanthin radicals formed on solid matrices by photolysis showed
no apparent difference in the type of radicals formed in the absence or presence of metal
ions such as Ti(IV). However, the presence of metal ions provided an additional electron
transfer route, resulting in a very noticeable increase in the concentration of radicals which
were stabilized on metal-substituted MCM-41. In particular, the relative ratio of radical
cations to neutral radicals increases upon substituting Ti in MCM-41 (Figure 11).

In solution, the radicals formed by electrochemical oxidation in the presence of metal ions
exhibit shorter lifetimes than those formed in their absence, although the CV analysis was
complicated by the anhydrous acetonitrile used to dissolve the salts.

Conclusion

In conclusion, the chelating ability provides unique properties for astaxanthin which modify
its physicochemical properties. At low salt concentration, a 1:1 complex was formed in
ethanol as a solvent with an equilibrium constant K4 for the Ca2* ion complex that is 8 times
larger than with either the ZnZ* or Fe?* salt. At high concentration of salt > 0.2 mM, a 2:1
salt to astaxanthin was formed. K for the addition of the second metal ion decreased but the
K, for Ca2* was nearly twice as large as K for either the Zn2* or Fe2* ijon complex
although the rates of K»/K; (Ca2*) = 0.2 while that for Zn2* salt K,/K;=0.4 exhibited a
lower decrease. The stability constants for the Ca2* complexes in the presence of acetonitrile
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decreased by a factor of 8 over that in the presence of ethanol due to incorporation of solvent
in the complex. The oxidation potential of astaxanthin decreases in the presence of salts
lowering its ability to scavenge peroxyl radicals and decreasing its relative antioxidant
ability. In the presence of salts the stability of astaxanthin radical cations and dications
decreases with an increase in the lifetime of the neutral radicals formed by proton loss from
the radical cation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

1H NMR (360 MHz) spectra of 1 mM astaxanthin in ethanol in the absence and in the
presence of 30 mM Ca(ClO4), or Zn(ClOy), salts at room temperature.
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Figure 2.

ESI MS spectrum of astaxanthin in the presence of Ca(ClOg), in acetonitrile. The main
peaks correspond to m/z = 318.2 [Ast+Ca]?* and m/z = 597.4 [Ast+H]*. The complex was
first prepared with carotenoid concentration of 0.1 mM with excess of the salt, and then was
dissolved by a factor of 10 to obtain a good signal of the spectrum.

J Phys Chem B. Author manuscript; available in PMC 2011 December 23.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Polyakov et al.

1,21

1,01

0,8

0,6 -

O.D.

0,41

0,2 4

0,0

1.8 mM (red)
Fe(CIO,),

0 (black)

"300

Figure 3.

400 500 600 700
nm

800

Page 15

Optical absorption spectra of 0.01 mM astaxanthin in ethanol in the presence of different

concentrations of Fe(ClOy),.
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Figure 4.
Optical absorption spectra of 0.01 mM astaxanthin in CH,Cl5 in the presence of 0.01 mM
CUC|2.
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Figure 5.

Benesi-Hildebrant plots of astaxanthin optical density in ethanol and acetonitrile at 550 nm
on Ca(ClQy), salt concentration.
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Figure 6.
CV plots of astaxanthin in methylene chloride at different scan rates.
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Figure 8.

Pulsed Mims ENDOR spectra of astaxanthin radicals as a function of t (220 nm and 200
nm). (a) The red trace is the experimental spectrum produced in activated silica-alumina
after UV irradiation; ENDOR parameters: T =20 K, B =3475 G, v=9.76 GHz, t = 220 ns.
(b) The black trace is the simulated spectrum using isotropic and anisotropic DFT-calculated
couplings of Ast** only. (c) The blue trace is the simulated spectrum using isotropic and
anisotropic DFT-calculated hyperfine couplings for Ast**, Ast*™, #Ast*(3)b, #Ast’(5),
#Ast*(9) and #Ast*(13) ina 1:1:1:1:1:1 ratio. Note: ENDOR lines occur at v, = + A/2, where
vy, is the proton frequency situated at the center of the ENDOR spectrum (proton frequency
vy = 14.793571 MHZz). Note: the outer peaks indicated by * are due to the neutral radicals.
Below 6 MHz the baseline includes an artifact from the non linearity of the ENDOR
amplifier and thus interferes with low-frequency ENDOR lines due to neutral radicals. The
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simulation for T = 200 ns is missing Ast*™ and #Ast*(3)b and which contribute to the center
of the spectrum.
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Figure 9.

Simulated Mims ENDOR spectra (t = 220 ns) of the individual radicals using DFT proton
hyperfine couplings listed in Tables S8-S14 in supporting information for Ast"™ orange,
Ast™ black, #Ast*(3)b blue, #Ast*(5) red, #Ast"(9) green and #Ast*(13) violet. Note: the
outer peaks indicated by * are due to the neutral radicals.
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Figure 10.

Powder X-band cw ENDOR spectrum at 130 K of astaxanthin on silica-alumina in the
absence of light irradiation. Assigments of the DFT generated couplings for the radical
cation for protons located at C1(1")-CH3, C2(2")-H,, C3(3")-H,, C5(5")-CH3, C9(9")-CH3
and C13(13")-CHj3 positions account for the observed lines. ENDOR lines above 20 MHz
and below 9 MHz for the neutral radicals are missing.
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Figure 11.
Mims ENDOR spectra of astaxanthin on Ti-MCM-41 at T = 200 ns (A) and © = 220 ns (B).

The concentration of the radical cations (grey area) exceeds the concentration of the neutral
radicals in the absence of Ti(IV) (C).
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Scheme 1.
Stability constants K; and K, for the complexation reactions of astaxanthin with metal ions
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Possible radical intermediates of astaxanthin formed upon the proton loss (indicated by blue

circle) during the photolysis in the presence of metal ions. On the right: unpaired spin

distribution for astaxanthin radicals Ast™, #Ast*(5), #Ast*(9), #Ast"(13), #Ast*(3)a (not
detected by EPR), #Ast*(3)b (couplings similar to #Ast*(5)) and Ast*™ (small couplings,

ENDOR 13 to 17 MHz region) from DFT.
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Table 3

Stability constants of astaxanthin complexes with metal ions in ethanol and acetonitrile. Experimental and
fitting error is about 10%.

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Salt Ca(C|O4)2 Zn(C|O4)2 Fe(C|O4)2

Acetonitrile | K; =270 M™? K;=435M71 No complex

Ethanol K;=23000 Mt | K;=3000M1 | K;=3000M1
K, = 5000 M1 K, =1300 M1

J Phys Chem B. Author manuscript; available in PMC 2011 December 23.




Page 30

Polyakov et al.

NIH-PA Author Manuscript

§5'€9S

£8'vve

15°6v¢

¢L'09¢

98'85¢

15'85¢

=

q (£)asv#

e (e)Jsv#

(eT)asv#

(6)Isv#

()asw#

(Jowyreay) ajow Jad Sa110[eI0]1 Ul S[EIIPERI UILIUBXEISE 3U) J04 , ISW/# 01 dAIIe[a) Sa1fiau]

v alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Phys Chem B. Author manuscript; available in PMC 2011 December 23.



Page 31

Polyakov et al.

NIH-PA Author Manuscript

z6°€ GLET €07 - 6511 S0YT 90'9 | EHO-£T0
€eC €L l- 80— €6'GT 89 L— €5 .- | 296 | EHO-€10
0y €L'6 260 0zt - 60°0T €26 | ®HO-60
4% 60°G— 02’ 1- 06'1- 6.°0T 29%— | 116 | ®HO-6D
66°€ e 8€0 Iy 16°€ - sy | ®HO-SO
e yig- 19'2— 96°0— 69°0- L€ G0 | °HO-SD
70 G0'0— 600 80°0- 60°0— 010- | €€0 | ®HO-TID
610 620 €% 0— 20°0— 10°0- ov'0 | so0- | ®HO-TO
_asvy _ qa(e)asv # _ d3103130 LON B(g)asv# _ (€T)IsV # _ (6)asv # _ (Q)asv# | Lasv

uonisod

%y paje|nofed 14a

'suoleInded 14 Ag pauleiqo sfediped uiyiuexelse Jo (zHIN) sburjdnoo uoloid jAylsw-¢g o1doa1os|

NIH-PA Author Manuscript

G 9lgel

NIH-PA Author Manuscript

J Phys Chem B. Author manuscript; available in PMC 2011 December 23.



