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The electron transfer (ET) reaction between carotenoids and the superoxide radical anion is found
to be not only a viable process but also a very unique one. The nature of the O,*™ inverts the
direction of the transfer, with respect to ET involving other ROS: the O,*” becomes the electron
donor and carotenoids (CAR) the electron acceptor. Therefore the “antioxidant’ activity of

CAR when reacting with O,°~ lies in their capacity to prevent the formation of oxidant ROS.

This peculiar charge transfer is energetically feasible in non-polar environments but not in polar
media. In addition the relative reactivity of CAR towards O,*" is drastically different from their
reactivity to other ROS. Asthaxanthin (ASTA) is predicted to be a better O,*~ quencher than
LYC and the other CAR. The CAR + O,*" reactions were found to be diffusion controlled.
The agreement with available experimental data supports the density functional theory results

from the present work.

Introduction

The superoxide radical anion (O,* ") is of great importance in
biochemical processes.' In addition to its potential role in the
development of several disorders associated with oxidative
stress, it is also a major source of other highly reactive oxygen
species (ROS).> Carotenoids (CAR), on the other hand, are
naturally occurring organic compounds known for their
antioxidant activity. Cardounel er al.’ demonstrated for
the first time direct scavenging of superoxide anion by
carotenoid derivatives. This pioneer work was followed by
two other studies confirming the O,*~ scavenging activity
of CAR.*?

There are three viable mechanisms generally accepted for
the reactions of CAR with free radicals:® electron transfer
(ET), radical adduct formation, and hydrogen atom transfer.
The ET mechanism is mostly thought of as an electron transfer
from the CAR to the ROS, which is the case for most of the
ROS involved in oxidative stress processes. Additionally the
ET has been described to be favored by polar environments.’
However, O,* is a very peculiar free radical because in
addition to its spin imbalance it is also a negatively charged
species. Therefore its behavior when involved in charge
transfer processes may significantly differ from those of other,
non-charged, ROS. Actually it has been recently demonstrated
that the nature of the reacting free radical plays an important
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role on the relative importance of the free radical scavenging
mechanisms.® As a result and due to the peculiar nature of
0,*", the mechanism of CAR + O,° reactions is expected to
be different from those of CAR with other ROS.

In this work the ET process between O,* ™ and a large series
of CAR has been studied by density functional theory (DFT).
The two possible directions for the ET have been taken into
account: the conventional one, from the CAR to the O,°*:

CAR + 0, - CAR*" + 0, pathl
and its opposite, from the O,*~ to the CAR:
CAR + O, - CAR* + O, pathIl

Path II has been previously suggested as a viable one justifying
the antiradical activity of red CAR, present in bird feathers.’
Both paths of reaction have been studied when taking place in
polar and non-polar environments.

Computational details

All the modeled species have been fully optimized with the
B3LYP hybrid HF-density functional'®'* and the 6-311G(d)
basis set, frequency calculations were carried out at the same
level of theory. Unrestricted calculations were used for open
shell systems and local minima were identified by the number
of imaginary frequencies (NIMAG = 0). All the electronic
calculations were performed with Gaussian 03'* package of
programs. The thermal corrections to Gibbs free energies of
the B3LYP/6-311G(d) fully optimized stationary points plus
the corresponding electronic energy, were used to obtain the
adiabatic Gibbs free energy. The stationary points were first
modeled in gas phase (vacuum), and solvent effects were
included a posteriori by single point calculations using polarisable
continuum model, specifically the integral-equation-formalism
(IEF-PCM) at B3LYP/6-311 + G(d) level of theory, with water
and benzene as solvents for mimicking polar and non-polar
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environments, respectively. The absorption spectra of radical
anion CAR have been computed with time dependent density
functional theory (TDDFT) using the same level of theory on
benzene solutions.

The rate constants (k) were calculated using conventional
transition state theory (TST)'* !¢ and 1M standard state as:

k=12T -acryar (1)

where kg and & are the Boltzman and Planck constants,
AG” is the Gibbs free energy of activation.

Since the studied reactions are electron transfers, the
Marcus theory!” was used. It relies on the transition state
formalism, defining the ET activation barrier (AGZy) in terms
of two thermodynamic parameters, the free energy of reaction
(AGY1) and the nuclear reorganization energy (A):

A AGL
AGE, = 7 <1 - AET) 2)

where A is a reorganisation term.

Some of the calculated rate constants (k) values are close to
the diffusion-limit. Accordingly, the apparent rate constant
(kapp) can not be directly obtained from TST calculations. In
the present work we have used the Collins—Kimball theory for
that purpose:'®

kD kacl

=+ ki ®

where k,. is the activation rate constant (obtained from TST
calculations, eqn (1)), and kp, is the steady-state Smoluchowski'®

Table 1 Studied carotenoids

rate constant for an irreversible bimolecular diffusion-
controlled reaction:

kp = 4nRDN4 4

where R denotes the reaction distance, N is the Avogadro
number, and D is the mutual diffusion coefficient. D has been
estimated for each reactant from using the Stokes—Einstein
approach? as:

_ keT

o (s)

where kg is the Boltzmann constant, 7 is the temperature,
n denotes the viscosity of the solvent, and a the radius of the
solute. The calculated values for the diffusion-controlled rate
constants are 1.3 x 10" and 9.0 x 10° L mol~'s™! for benzene
and water solutions, respectively.

Results and discussion

The carotenoids studied in the present work are shown in
Table 1. The Gibbs free energies of reaction (AG) has been
computed for their reactions with superoxide radical anion
through paths I and II, in polar and non-polar environments
(Table 2). The first relevant finding that stands out is that path
IT is much more energetically favored than path I, regardless of
the polarity of the environment. This means that while for
most ROS the electron transfer takes place from the CAR to
the ROS (path I),”2'* for the superoxide radical anion it
occurs in the opposite direction, form O,*” to the CAR
(path II). In fact path I was found to be endergonic for all
studied carotenoids, in both benzene and water solutions.

Code Structure name
BC
All-trans-f-carotene
X X
BCRIP A T T N X X
HO
[-cryptoxanthin
OH
ZEA RTRTRTRTRTYTR TR
HO
Zeaxanthin
LUT
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Table 1 (continued)

Code

Structure name

3dhLUT

3hCAR

33CAR

0XO

ECH

3hECH

CAN

ADO

ASTA

HC'

Adonirubin

OH

VRN RN R

Astaxanthin
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Table 1 (continued)

Code Structure name

DHIR

TOR
Torulene

LYC Z NN NN NN NN\ 7
Lycopene

BDOR

ahLUT

Table 2 Gibbs free energies of ET reaction (kcal mol™") in benzene
and water solutions

Benzene Water
Path I Path 11 Path I Path 11
BC 153.7 -0.2 48.0 20.3
BCRYP 154.8 -1.1 48.8 19.8
ZEA 153.7 —1.6 47.8 19.3
LUT 156.7 -1.9 49.7 19.6
3dhLUT 159.5 -3.1 50.8 19.4
3hCAR 159.4 —1.1 51.5 20.6
33CAR 160.5 —4.3 50.9 19.0
0OXO 158.0 —-10.2 50.4 12.5
ECH 157.7 -7.9 50.8 13.5
3hECH 157.2 -8.9 49.8 13.8
CAN 161.1 —-114 53.1 11.8
ADO 161.5 —134 52.7 10.7
ASTA 161.1 —13.3 52.0 114
DHIR 156.5 2.3 51.9 19.8
TOR 147.8 -0.9 46.5 17.2
LYC 155.5 -2.0 50.0 18.9
BDOR 158.4 -10.9 49.8 12.0
ahLUT 155.7 —-0.4 49.3 20.5

Path II, on the other hand, becomes exergonic when the
ET takes place in benzene, with the exception of the
DHIR + O,*" reaction (Fig. 1, Table 2). This also means
that the dependence of the ET feasibility with the polarity of
the environment is also inverted with respect to other ROS.

| Benzene
@ Water

AG (kcal/mol)

Fig. 1 Gibbs free energies of ET reactions, through path II.

Since CAR are hydrophobic molecules, expected to be located
mainly in the lipid phase of the membrane, its higher reactivity
towards O,*” in non-polar environments should play an
important role in their ability to prevent lipid peroxidation.
All the above findings can be explained by the nature of the
0,*~ species. Its negative charge enhances its electron donor
capabilities, compared to those of non-charged ROS species,
which favors path II over path I, i.e. O,*" would be more
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likely to donate an electron than to accept one. When the ET
reaction takes place through path I, O,*~ becomes a double-
negative-charged species while it becomes a neutral species
trough path II. CAR, on the other hand invariably evolves to a
radical mono-charged ion. Therefore the stabilization of the
CAR product by solvation is expected to be about the same
magnitude, regardless of the path involved in ET (Table S1,
ESIY). In addition the interaction with the solvent should be
less important for CAR than for O,*” since CAR are larger-
sized species with a long conjugated chain that helps them
cope with the charge imbalance. The presence of a polar
environment, water in this case, increases the viability of
path I, by stabilizing the O,*”, with respect to non-polar
environments. According to the data in Table 2 for path I,
water lowers AG by about 100 kcal mol™!, compared to the
equivalent values in benzene solution. This lowering, however,
is not enough to overcome the reluctance of O,*~ to accept
another electron, and path I remains endergonic for all the
studied CAR. The donating character of O,*” is so much
higher than its accepting character that even though both
studied paths are endergonic in water, the endergonicity of
path II is lower than that of path I.

So far we have explained why the superoxide radical anion
is more reactive through path II than it is through path I, and
why path I is less endergonic in water solutions. However, the
finding that path II is more feasible in benzene solutions than
in water solutions, despite the fact that there are charged
species involved, still needs to be explained. In order to answer
this question we are going to focus on the nature of path II. In
this case, the O,* donates an electron to CAR. Since O,° " is
the charge donator in all the studied reaction we first analyze
its oxidation energy. It is significantly lower in benzene than in
water: 2.4 vs. 3.9 eV, which means that O,*" is a better
electron donor in benzene than in water. It is explained by
the fact that this mono-charged negative species becomes a
neutral one through the electron donation process; therefore
while the reactant is stabilized by strong interactions with a
polar solvent, the product is not (Table S17). The reduction
energies of the CAR are also relevant to the studied process
(path II). They are systematically lower when CAR are in
benzene solution than when they are in water solution
(Table 3) by about 0.5 eV. According to the above mentioned
values the oxidation energy of O, is 1.5 eV lower in benzene.
Therefore the nature of O,*~ is the key factor in the higher
feasibility of path II.

Logically the reactivity of CAR also changes when the ET
reaction takes place through path II, compared to what has
been previously reported for other ROS that react through
path L. There are previous experimental reports on the order of
reactivity of several CAR when they react through ET
processes by donating one electron. Mortensen and Skibsted
have studied the reactions of eight carotenoids with phenoxyl
radicals. These authors reported the following order of
reactivity: lycopene (LYC) > B-carotene (BC) > zeaxanthin
(ZEA) > lutein (LUT) > echinenone (ECH). They also found
that canthaxanthin (CAN) hardly reacts, while asthaxanthin
(ASTA) does not react at all. Edge et al.?® have studied ET
reactions between different pairs of carotenoids with similar
outcomes. They?® found that LYC is the most easily oxidized

Table 3 One electron oxidation and reduction energies, in benzene
and water solutions, all in eV. They were computed adiabatically with
the optimized structures in gas phase of the neutral, the anion and the
cation. To include the solvent effects, single point calculations at the
B3LYP/6-311+ G(d) level of theory using IEF-PCM with water and
benzene were performed for the optimized neutral, anion and cation
structures

Benzene Water

Oxidation Reduction Oxidation Reduction

energy energy energy energy
BC 4.9 2.3 4.5 2.9
BCRYP 4.9 2.3 4.5 2.9
ZEA 4.9 2.3 4.5 2.8
LUT 5.0 2.3 4.5 2.8
3dhLUT 5.1 2.4 4.6 2.9
3hCAR 5.1 2.3 4.6 2.8
33CAR 5.2 2.5 4.6 2.9
0XO 5.1 2.8 4.6 3.2
ECH 5.1 2.6 4.6 3.1
3hECH 5.1 2.7 4.6 3.2
CAN 5.2 2.8 4.7 3.3
ADO 5.3 2.9 4.7 33
ASTA 53 2.9 4.7 33
DHIR 4.9 2.2 4.5 2.9
TOR 4.8 2.5 4.4 3.0
LYC 5.0 2.4 4.6 2.9
BDOR 5.2 2.8 4.6 3.2
ahLUT 5.0 2.3 4.5 2.8

followed by BC > ZEA > LUT > CAN > ASTA. A
theoretical work from our group, performed at a similar level
of theory than the one used in the present work, shows a
perfect agreement with those experimental findings when non-
charged free radicals are involved in the ET process.”'** The
reactivity order of CAR when the ET reaction involves O,*~
drastically changes. This particular species transform the
reactivity order of the above mentioned CAR into: ASTA >
CAN > ECH > LYC ~ LUT > ZEA > BC. It is noticeable
that ASTA and CAN, which are not very efficient as free
radical scavengers, when they react with non-charged ROS
though path I, become the most efficient O,*~ traps through
path II, among this subset of CAR. This is an important
finding, since path II is usually not considered when the
antiradical capacity of CAR, or any other radical scavenger
for that matter, is studied. Therefore their role as free radical
scavengers might be underestimated by ignoring their ability
to quench superoxide radical anions. The reactivity order
found for the whole series of CAR studied in this work,
when they react with O,*~ through path II is as follows:
ADO ~ ASTA > CAN > BDOR > OXO > 3hECH >
ECH > 33CAR > 3dhLUT > LYC ~ LUT > ZEA >
BCRIP ~ 3hCAR > TOR > anLUT ~ BC > DHIR. As
this series shows, concerning its reaction with O,*~, lycopene
is no longer the best free radical scavenger.

A direct relationship was found between the reduction
energy of the studied carotenoids and their relative reactivity
towards O,*~ through path II. It is has been plotted in Fig. 2
as the Gibbs free energy of reaction vs. the reduction energy
of the studied CAR. The general, and logical, trend is that
the higher the EA of the CAR, the more exergonic the ET
(path II). The most reactive CAR were found to be ADO and
ASTA, which are also those with the highest electron affinities.
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Therefore in addition to the general importance of the
proposed electron transfer mechanism, our results also
support the so far not-fully explained antiradical capacity of
ASTA. For example its antioxidant activity has been reported
to be 10 times stronger than that of ZEA, LUT, CAN and
BC,* while the conventional ET (path I) does not support that
finding.>>>° In addition ASTA is one of the red pigments
providing color to male birds, which females tend to prefer.?®
It can be hypothesized that this natural selection is related to
the health of the animal, i.e. redness is an honest signal of male
quality?’ that indicates the antioxidant status. Path II supports
the antiradical activity of red CAR, particularly ASTA
(Fig. 2).

Kinetic calculations have also been performed on the
reactions proven as the most viable ones: those taking place
through path II, in non polar environments (benzene solutions
in this work). The calculated rate constants and the Gibbs
free activation energies calculating according to eqn (2), at
298.15 K, are reported in Table 4. As the values in this Table
show the lowest barriers among all the studied CAR + O,°*~
reactions correspond to ASTA and ADO, in that order.
However since the barriers are quite low for most of the
studied reactions, they are predicted to be diffusion controlled.
The only one of the studied carotenoids that reacts in a
significantly slower way is DHIR. It also has the highest
barrier, and its reaction with the superoxide radical anion is
predicted to be endergonic. Therefore it is not expected to act
as a good O,*~ scavenger, at least through electron transfer
processes.

In addition, the absorption spectra of the studied CAR®*™
have also been computed. The available experimental data is
limited for these species; it has been reported for only 6 of the
18 modeled carotenoids. The details on the computed main
vertical optical transitions are provided in Table 5. The
calculated absorption maxima of CAR®™ are systematically
blue shifted with respect to the experimental data by ~50 nm,
which represents a good agreement, taking into account
that these species are anions, and that the size of the
systems prevent calculations at higher levels of theory. In
addition, and despite of any difference between calculated
and experimental values for maxima of adsorption, the
tendency is the same, with the order of wavelengths being:

5] DHIR & "
BCRIP
0 anL;ET;5 3hCAROTOR
= 2] L @ LYC
g 4 3dhLUT
= 33CAR”
5 64
= 3hECH
o 87 EH® g
< 40 0X0
€ LCAN
12 1 BOOR™ 7
i ADO®®
-16

20 21 22 23 24 25 26 27 28 29 30
Reduction energy (V)

Fig. 2 Reduction energy (in benzene solution) of CAR versus Gibbs
free energies of ET reactions, through path II, in benzene solutions.

Table 4 Rate constants (k*°5, L mol~' s~') and Gibbs free activation
energies (AGZt, kcal mol™"), at 298.15 K for electron transfers taking
place through path II, in benzene solutions

AGEr K8
BC 5.1 9.1 x 10°
BCRYP 4.7 1.1 x 10"
ZEA 4.7 1.1 x 10'°
LUT 4.5 1.1 x 10"
3dhLUT 4.0 1.2 x 10"
3hCAR 4.7 1.1 x 10'°
33CAR 3.5 1.3 x 10'°
0XO 1.8 1.3 x 10
ECH 2.4 1.3 x 10'°
3hECH 2.1 1.3 x 10"
CAN 1.3 1.3 x 10%°
ADO 1.0 1.3 x 10'°
ASTA 0.8 1.3 x 10'°
DHIR 5.5 7.0 x 10°
TOR 3.9 1.3 x 10'°
LYC 4.2 1.2 x 10"
BDOR 1.8 1.3 x 10'°
ahLUT 5.1 9.1 x 10°

Table 5 Experimental absorption maxima, and details on the
computed main vertical optical transitions of CAR®", in benzene
solutions. The intensity of a UV-visible absorption band is a function
of the oscillator strength and of the energy of the absorption band. In
this case, the oscillator strengths indicate that the absorption bands are
intense, as expected for conjugated systems like CAR

Calculated
EXP?8 jvmax/nm f” ;:r)l(e?x /“;1;{‘]\; }g’zar)l(/nm
BC 880 828 4.09 1.06 886
BCRYP 832 4.10 890
ZEA 880 831 4.11 1.06 889
LUT 870 807 4.02 1.08 863
3dhLUT 768 3.84 822
3hCAR 766 3.78 820
33CAR 771 3.67 825
(0).(¢] 973 3.72 1041
ECH 943 3.79 1009
3hECH 952 3.65 1019
CAN > 1100 1050 4.44 1.05 1124
ADO 1060 4.41 1134
ASTA > 1100 1081 4.52 1.02 1157
DHIR 856 4.34 916
TOR 862 3.51 922
LYC 950 885 4.59 1.07 947
BDOR 925 3.58 990
ahLUT 780 3.95 835

“ Oscillator strength.

LUT < BC ~ ZEA < LYC < CAN =~ ASTA. Both
agreements support the reliability of the level of theory
used in the present work. The ratio ASP/ASMC is in all
the cases around 1.07, which allows us to make an easy
correction for the computed spectra of carotenoids, provided
that they are calculated at B3LYP/6-31+G(d) level of
theory. Since there are not previous reports on the UV-Vis
absorption spectra of most of the studied CAR®™, the
corresponding correction has been applied to propose values
(Amx) that are expected to be almost identical to the
experimental ones.
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ahLUT-.

DHIR~. -BC TOR 3hCAR_
l X
DHIR BCY NahLUT “TOR” ™ 3hCAR
3dhLUT~_ ~33CAR-
3dhLUT -~ \33CAR

BCRIP~, ,ZEA~ LUT~ L LYC-.

. X l X I

CRIP NZEAY SLUTY \LyC

ECHXShECI:I-XOXO BDOE"XCAN ASTAX_ ~ADO
T T

ECH”" \3heCH~ “OX0~" “BDOR< “CAN-" “ASTA~ Do

3dhLUT

3dhLUT

Increasing E°(Car/Car”)

Fig. 3 Relative order of carotenoids, in term of one-electron reduction potentials, in benzene solution. B ref. 28.

For the possible interactions between pairs of carotenoids,
their relative order, in term of reduction potential, is shown in
Fig. 3 based on the computed Gibbs free energies of
ET reactions, through path II, in benzene solutions. This
schematic representation, standing only for order in the ease
of electron acceptance, is also in good agreement with the
experimental results by Edge et al*® The only difference
between their results and ours is that they predicted BC and
LUT to have about the same reduction potentials, while our
results suggested that the reduction potential of BC is lower
than that of LUT.

According to the ordered one-electron reduction potentials
shown in Fig. 3, ADO and ASTA are the most easily reduced
carotenoids in non-polar environments. Therefore they are
expected to repair other damaged carotenoids through redox
reactions between pairs CAR,/CAR;*". Such repairing
processes might be relevant to the combined antioxidant
activity of carotenoids against the superoxide radical anion.

Conclusions

In summary, the electron transfer reaction between carotenoids
and the superoxide radical anion in lipid media is not only
a viable process but also a very unique one. The nature
of the O,*™ inverts the direction of the transfer, with respect
to ET involving other ROS: the O,* becomes the electron
donor and the CAR the electron acceptor. Therefore the
“antioxidant” activity of carotenoids when reacting with
O,°*" lies in their capacity to prevent the formation of oxidant
ROS. This peculiar charge transfer is energetically feasible in
non-polar environments but not in polar media, which is
very unique for ET reactions. The relative reactivity of
CAR towards O,*" is drastically different from their
reactivity to other ROS, a significant example is that ASTA
is better O,*" quencher than LYC. These results support
the so far not-fully explained antiradical capacity of ASTA.
Kinetic calculations have been performed, and it was
found that the CAR + O,*" reactions are diffusion
controlled. UV-Vis spectra have also been computed and show
a good agreement with the available experimental data
reported for the CAR®*™. The wavelength for the absorption
maxima is reported for the first time for several of the studied
CAR. The agreement between computed and experimental
data supports the reliability of the results from the
present work.
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