Computational and Theoretical Chemistry 1104 (2017) 1-11

Contents lists available at ScienceDirect

COMPUTATIONAL
& THEORETICAL
CHEMISTRY

Computational and Theoretical Chemistry

journal homepage: www.elsevier.com/locate/comptc

Copper or free radical scavenger?

@ CrossMark

Departamento de Materiales de Baja Dimensionalidad, Instituto de Investigaciones en Materiales, Universidad Nacional Auténoma de México, Circuito Exterior S.N.,
Ciudad Universitaria, P.O. Box 70-360, Coyoacdn C.P. 04510, Ciudad de México, México

Ana Martinez *, Miguel Reina

ARTICLE INFO ABSTRACT

Article history:

Received 6 January 2017

Received in revised form 19 January 2017
Accepted 30 January 2017

Available online 1 February 2017

Free radicals are very reactive molecules that produce so-called oxidative stress. To prevent oxidative
stress there are two types of molecules: primary and secondary antioxidants. The chelation of copper
is an example of a secondary antioxidant process. Therefore, these secondary antioxidants can be named
copper scavengers. The main purpose of this investigation is to compare the capacity of four molecules:
silybin (SIL); astaxanthin (ASTA); the hormone melatonin (MELA) and one of the metabolites of MELA
named cyclic 3-hydroxymelatonin (30HM) to scavenge copper, instead of a free radical. In order to
decide whether these molecules are predominantly free radical scavengers rather than copper scavengers,
we studied their primary antioxidant capacity analyzing their interaction with -‘OH and two mechanisms:
Radical Adduct Formation (RAF) and Hydrogen Atom Transfer (HAT). In order to study copper scavenger
capacity, we investigated the formation of chelate complexes with Cu(Il) by these four molecules and
their interaction with Cu(I). In the presence of Cu ions and free radicals, SIL, ASTA, MELA and 30HM pref-
erentially react with -‘OH. These molecules are able to act as copper scavengers but not in the presence of
‘OH and therefore play a limited role as chelating agents.
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1. Introduction

Reactive oxygen species (ROS) are very well-known molecules
that are formed during metabolism and play important roles in cell
signaling [1]. These species are very reactive free radicals that can
bond to biomolecules and cause a wide variety of diseases [2-13].
ROS levels in the human body can increase dramatically due to
stress, UV radiation, the presence of metal ions or many others fac-
tors, such as heat exposure [14-16]. Excess of ROS produces so-
called oxidative stress; a harmful phenomenon caused by an
imbalance between the production and consumption of free radi-
cals, which correlates with numerous illnesses [10-24].

Molecules that scavenge free radicals prevent oxidative stress.
These molecules are also known as antioxidants. They have been
studied extensively, because they show several positive effects
on human health [17-24]. Two processes are involved in scaveng-
ing free radicals to prevent oxidative stress [25]: direct reaction
with ROS (primary free radical scavengers) or reaction with species
that generate free radicals preventing the production of ROS (sec-
ondary antioxidants). Chelation of metal atoms (such as copper) is
one of the processes undergone by secondary antioxidants and the
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importance of this mechanism for human health has been demon-
strated [26-33].

Copper is one of the most important trace metals in the human
body. On average, the adult liver contains from 18 to 45 pg Cu/g
dry weight, while blood contains about 6 mg of Cu [34,35]. As is
the case with almost all substances, it can be either beneficial or
toxic depending on its concentration [36]. Copper is commonly
found as Cu(Il) or Cu(I) and the ionic form can be interconverted
by redox reactions.

Copper produces hydroxyl radicals in the Haber-Weiss reaction,
as shown in the following [37,38]:

Cu(ll) + 05 — Cu(l) + 0,

Cu(l) + H,0, — Cu(Il) + OH +-OH

A small amount of copper is capable of producing a large
amount of "OH free radicals as Cu(Il) and Cu(I) act as catalysts in
the reaction. Secondary antioxidants react with copper forming
chelates, thus preventing the formation of free radicals. In this
sense, these molecules can be labeled as copper scavengers. In fact,
the same molecule can act either as a antioxidant and/or a copper
scavenger. Many studies analyze one or other of these roles and
reach conclusions concerning primary or secondary antioxidant
capacity [27,28,39-42]. Copper and free radicals are both present
in the human body and may compete to react with the scavenger.
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A single scavenger may trap free radicals or copper ions, depending
on thermodynamics and kinetics. It is thus very important to com-
pare these two mechanisms, although few investigations attempt
this [28,39,43].

The main purpose of this investigation is to compare the capac-
ity for scavenging copper with that of scavenging free radicals, on
the part of four molecules: silybin (SIL); astaxanthin (ASTA); the
hormone melatonin (MELA) and one of the metabolites of MELA
named cyclic 3-hydroxymelatonin (30HM), also reported as a good
scavenger [43]. Schematic representation of these molecules is
included in Fig. 1. The idea is to compare four different substances:
SIL is a dietary supplement; ASTA is present in human food; MELA
and 30HM are human hormones.

SIL is the most abundant component of silymarin, the active
substance of milk thistle plant (Silybum marianum) [44,45]. Protec-
tive action on the part of SIL is thought to be derived from its
antioxidant properties and theoretical and experimental evidence
suggests that SIL is a primary antioxidant by different mechanisms,
such as the sequential electron transfer (SET) or the single proton
loss electron transfer (SPLET) [44-66]. Likewise experimental
reports point to the secondary antioxidant capacity of SIL by
chelating Cu(II) but theoretical investigations are scarce [41]. ASTA
is found in food (fruits, vegetables and salmon for example) and it
forms M-O bonds with metal ions, including Cu(Il) [27]. It is a car-
otenoid that was previously reported as a good free radical scav-
enger molecule [27,39,67-69]. MELA in humans is produced by
the pineal gland. It helps to regulate sleep and wake cycles.
30HM is one of its metabolites. Both molecules were reported as
good copper scavengers and also as good free radical scavengers
[28,43,70].

In order to decide whether these molecules have greater ten-
dency to act as free radical scavengers rather than copper scav-
engers, we studied their primary free radical scavenger capacity,
analyzing the interaction with ‘OH and employing two mecha-
nisms: the Radical Adduct Formation (RAF) and the Hydrogen
Atom Transfer (HAT). "OH was selected because it is one of the

H3C AN .
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most reactive free radicals and because it is produced by Cu(Il) in
the Haber-Weiss reaction. Copper scavenger capacity was assessed
by investigating the formation of chelate complexes by these four
molecules (SIL, ASTA, MELA and 30HM) with Cu(Il) and also the
interaction with Cu(I). Some of these results have been reported
previously [27,28,43], however for consistency and for compara-
tive purposes, we recalculated the most stable structures. Our most
important conclusion indicates that in the presence of Cu ions and
free radicals, SIL, ASTA, MELA and 30HM preferentially react with
"‘OH. Consequently it was impossible for these molecules to act as
copper scavengers in the presence of "OH, thus limiting their role
as chelating agents. A single scavenger may trap free radicals or
copper ions, depending on thermodynamics. In this sense, it is
imperative in future works to compare these two mechanisms
because free radicals and copper ions are both present.

2. Computational details

Gaussian 09 code [71] was implemented to optimize all struc-
tures. Initial geometries were fully optimized at M06/6-31+G(d,p)
level of theory [72-76] in conjunction with SMD continuum model
using water to mimic a polar environment [77]. This methodology
has been successfully used to study small organic molecules inter-
acting with metal atoms [28,30]. Harmonic analyses were calcu-
lated to verify local minima (zero imaginary frequencies). In
Fig. 1 we present a schematic representation of SIL with the con-
ventional numbering of —OH and —OCH3 groups and labeling the
aromatic and heterocyclic rings for future reference. To investigate
the chelation of Cu with the four molecules under study, two pos-
sible mechanisms reported before [28] are analyzed: the direct
chelation and the coupled deprotonation-chelation. In the first
one, SIL, ASTA, MELA and 30HM form chelates with Cu(Il) and
bonded with Cu(l). In the second one, all the molecules are first
deprotonated and then chelate to Cu(Il) or bonded with Cu(I). For
the direct chelation mechanism, the Gibbs free energies (AG) are
calculated as follows:

OCHs

OH*
20

SIL

ASTA

HO N\<CH3

O
o) NH*
HyC 3-OHM

Fig. 1. Schematic representation of silybin (SIL), astaxanthin (ASTA), melatonine (MELA) and cyclic 3-hydroxymelatonin (30HM). Bullet (M) indicates the preferred reaction
site for RAF mechanism. Star (*) indicates the hydrogen atom that was transferred in the case of the HAT mechanism.
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SCA + [Cu(H,0),] — [SCA — Cu — (H,0), ] + xH,0 AG
= [XG(H,0) + G([SCA — Cu — (H,0),_,]9)]
—[G(SCA) + G([Cu(H,0),]")]

SCA is the scavenger, i.e. SIL, ASTA, MELA or 30HM; [Cu(H;0),]?
represents copper ions coordinated to water molecules. For Cu(Il),
we modeled the complex with n =4 (four water molecules since
four-coordinate configuration is favored for Cu(Il)) and for Cu(I)
we employed n=2 (two water molecules since two-coordinate
configuration is favored for Cu(l)); g represents the charge of the
system and it is +2 and +1, for Cu(ll) and Cu(l), respectively. For
coupled deprotonation-chelation mechanism, the Gibbs free ener-
gies (AG) are obtained with the next reaction scheme:

SCA + [Cu(H,0),]% — [SCA_y — Cu — (H,0), " ' + xH,0 + H*
AG = G(H;0) + G([SCA ) — Cu — (H;0), " ") + G(H")]
— [G(SCA) + G([Cu(H,0),))]

SCA is the scavenger, i.e. SIL, ASTA, MELA or 30HM; SCA_y, is
de-protonated SCA. In this equation q is equal to +1 or 0, for Cu
(1) and Cu(I) respectively. As suggest by Camaioni et al. [78], the
proton Gibbs free energy in aqueous solution used in this work is
G(H") = —270.28 kcal/mol. In order to investigate RAF and HAT
mechanisms, the following equations were used:

RAF: SCA +-OH — -OH — SCA
AG = [G(-OH — SCA)] — [G(SCA) + G(-OH)]

HAT: SCA+OH — SCA — Hyp) + H,0
AG = [G(SCA — Hiyysr)) + G(H20)] — [G(SCA) + G(‘OH))]

SCAis the scavenger, i.e. SIL, ASTA, MELA or 30HM; SCA-Hiuar, is
de-hydrogenated SCA.

3. Results and discussion
3.1. Geometry optimization

Initial geometries used for SIL-Cu(Il) are those that can form
chelates. Cu(ll) is tetra-coordinate and for this reason SIL-Cu(ll)
complex has two water molecules. In SIL there are three possible
positions for the chelation process: 04-03, 04-05 and 019-020
(see Fig. 1). Fig. 2 presents the optimized structures of SIL-Cu(II)
and the relative energy with respect to the most stable. In this case,
we are analyzing direct chelation mechanism. Evidently, the most
stable structure presents Cu(Il) bonded to O3 and O4. The least
stable structure is 6.6 kcal/mol higher in energy, and shows Cu
(I1) bonded to 019-020. This latter structure has one hydrogen
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Fig. 2. Optimized structures of SIL interacting with Cu(ll). The global charge of the molecules is +2. There are two water molecules bonded to the copper atom. Relative

energies with respect to the most stable structure are included.
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bond less than the other two in Fig. 2, a factor that contributes to
destabilization. As reported previously, this may be due to the
importance of the different intramolecular hydrogen bonds pre-
sent in the molecule [56,57]. Because the energy difference is not
very large, we expect these to form under experimental conditions.
Fig. 3 presents the most stable structures for SIL._y)-Cu(II) resulting
from the coupled-deprotonation-chelation mechanism. The stabil-
ity of the structures is similar to previous results shown in Fig. 2.
The most stable structure is where Cu(ll) forms a chelate with
04-05. This structure has been experimentally reported as the
most stable example of a silybin derivative [42]. The structure
interacting with 03-04 is the least stable. The preferred chelation
site is pH dependent because deprotonated SIL is present at high
pH values and therefore, the chelation site changes from 03-04
to 04-05. This is related to the stabilization of the different
intramolecular hydrogen bonds in SIL. Distances between the
metal atom and SIL are slightly shorter employing the coupled
deprotonation-chelation mechanism, than they are employing
the direct mechanism.

The optimized structures presented in Fig. 4 represent the
direct chelation mechanism with Cu(I). We obtained four stable
geometries for structures corresponding to SIL-Cu(I). In all cases,
Cu(I) was simulated in a linear two-coordination geometry. The
ground state presents a water molecule formed from one hydrogen
bond with one oxygen atom of SIL, with Cu forming a bridge

between two oxygen atoms. All the structures present similar sta-
bility and may be present under experimental conditions. In Fig. 5,
the optimized structures for the coupled deprotonation-chelation
process with Cu(l) are shown. The coupled deprotonation-
chelation mechanism suggests that one proton is dissociated and
one Cu atom is bonded at the same position where this dissociation
takes place. The most stable geometry presents Cu(l) bonded to O7.
The hydrogen at position O7 is the most acid and therefore the dis-
sociation of this proton is more favorable than the dissociation of
other protons. The structures in Fig. 5 show minimal variation in
terms of stability and therefore it is no surprise to find all these
in an experiment. Notably, in the case of Cu(Il), we did not report
the structure derived from the deprotonation of a proton bonded
to O7, although this is the most acid, as it results in a less stable
structure for Cu(ll). It shows a greater tendency to form bi-
dentate compounds than to bond with a single oxygen atom that
is de-protonated.

The optimized structures of ASTA interacting with Cu ions are
reported in Fig. 6. The structures for ASTA-Cu(Il) forming a chelate
with two oxygen atoms have been reported previously [27]. For
consistency, we recalculated these geometries, applying methodol-
ogy from this investigation. Cu(Il) is tetra-coordinate because it has
two water molecules. For Cu(l), we consider a linear two-
coordination geometry. For the coupled deprotonation-chelation
process, one of the OH groups is deprotonated and Cu(Il) or Cu(I)
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Fig. 3. Optimized structures of deprotonated SIL (SIL.y,) interacting with Cu(II). The global charge of the molecules is +1. There are two water molecules bonded to the copper

atom. Relative energies with respect to the most stable structure are included.
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Fig. 4. Optimized structures of SIL interacting with Cu(I). The global charge of the molecules is +1. There is one water molecule bonded to the copper atom. Relative energies

with respect to the most stable structure are included.

is bonded to that position. ASTA may simultaneously chelate two
Cu atoms, as it has two oxygen atoms; one at each extreme of
the molecule. However, in this investigation we will consider only
one metal atom in order to facilitate direct comparison with the
other molecules.

Figs. 7 and 8 present the optimized structures of MELA and
30HM, respectively. Molecules are interacting with Cu(Il) and Cu
(I). These structures were obtained previously, using another
methodology [28] and were deemed to be the most stable. For con-
sistency, we have recalculated these geometries applying method-
ology from this investigation. Our results are similar to those
reported previously.

Optimized structures of the RAF and HAT mechanisms are
included as Supplementary Material.

3.2. Copper scavengers

Table 1 presents the Gibbs free energies (AG) associated with
the direct chelation process involving Cu(ll) and Cu(I). Only the

most stable structures are considered. Some previously reported
values are also included. Evidently, results are similar to those
obtained before, using other methodology. With Cu(Il) all values
are negative and therefore the reaction is exergonic. The reaction
of ASTA and 30HM with Cu(Il) is more exergonic than the corre-
sponding reaction with SIL and MELA. Therefore, ASTA and
30HM are the best Cu(Il) scavengers. In the case of Cu(l), the reac-
tion with SIL has a very small negative value of AG and with ASTA
it is small and positive. MELA and 30HM present negative AG val-
ues with Cu(I). According to these results, SIL and ASTA are good Cu
(IT) scavengers but are not good secondary antioxidants, if the reac-
tion with Cu(l) is considered. This is an important finding because
Cu(II) is the most abundant copper ion in the human body. MELA
and 30HM are good copper scavengers for both, Cu(ll) and Cu(I)
but the reactions are not very exergonic. Apparently, MELA and
30HM are better able to sequester Cu(I) than SIL and ASTA.

The Gibbs free energies for the coupled deprotonation-chelation
process are reported in Table 2. This mechanism depends indirectly
on the dissociation energy of H+. Some previously reported values
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Fig. 5. Optimized structures of de-protonated SIL (SIL ) interacting with Cu(I). The global charge of the molecules is 0. There is one water molecule bonded to the copper

atom. Relative energies with respect to the most stable structure are included.

are also included. It is apparent that results are similar to those
obtained before, using other methodology. Firstly, it is notable that
all reactions with Cu(I) are endergonic and therefore not thermo-
dynamically feasible. However, reactions with Cu(Il) are all exer-
gonic with the exception of MELA_y). Values reported in Table 2
indicate that 30HM(_y) and SIL _y, are better Cu(II) scavengers than
ASTA(.ny with respect to the coupled-deprotonated-chelation
mechanism, and MELA__y, will not scavenge Cu(Il) because this
reaction is endergonic.

If we compare values from Table 1 with those from Table 2, it is
apparent that the coupled deprotonated-chelation mechanism is
the main reaction pathway involved in the copper sequestering
action of SIL, but it is not the case for 30HM, ASTA and MELA.
For ASTA, the direct chelation mechanism is more exergonic than
the coupled deprotonated-chelation mechanism. For 30HM, both
mechanisms have almost the same Gibbs free energy values, and
for MELA the direct chelation mechanism is exergonic, whereas
the coupled deprotonated-chelating mechanism is not.

In summary and considering both chelating mechanisms (direct
and coupled deprotonation), SIL, ASTA and 30HM are better scav-
engers for Cu(Il) than MELA. Concerning Cu(l), reactions with SIL
and ASTA are not favorable, and although possible with MELA
and 30HM, this only occurs by means of the direct chelation
mechanism.

3.3. Free radial scavengers. RAF and HAT mechanisms

Tables 3 and 4 report the AG values for the RAF and the HAT
processes, respectively. Some previously reported results are also
included in brackets. Our results are similar in the sense that the
reactions are exergonic or endergonic, irrespective of method.
Results of ASTA show the biggest difference. In this molecule, the
difference in optimized geometries is also the largest. As expected,
all reactions with "OH are exergonic. The Gibbs free energies for
both mechanisms indicate that the reactions of MELA and 30HM
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Fig. 6. Optimized structures of ASTA and de-protonated ASTA (ASTA.y;)) interacting with Cu(II) and Cu(I).

are more exergonic than the reactions with SIL and ASTA. The pre-
ferred mechanism for all systems is HAT.

3.4. Copper or free radical scavengers?

This investigation’s main objective is to decide whether chelat-
ing molecules effectively diminish oxidative stress by sequestering
copper in the presence of free radicals. Molecules may either che-
late copper ions or scavenge free radicals. To assess which mecha-
nism prevails according to thermodynamics, we compare the
results in Tables 1-4. In each case, we selected the most exergonic
reactions, assuming that the scavenger will be in contact with both,
copper and ‘OH free radical.

For SIL as copper scavenger, the main mechanism is the coupled
deprotonation-chelation (AG value is —13.61 kcal/mol). The pre-
ferred free radical scavenger mechanism is HAT with ‘OH. The latter
is more exergonic (AG value is —22.14 kcal/mol) than the former.
Therefore, in the presence of both (Cu(Il) and "OH), SIL will prefer-
ably act as a free radical scavenger. Similar results are found for
ASTA. To sequester Cu(ll), the reaction of the direct chelation
mechanism is exergonic (AG value is —10.35 kcal/mol), but the

reaction to scavenge '‘OH is more exergonic (AG equal to
—27.77 kcal/mol). For MELA and 30HM the comparison is even
clearer. MELA as copper scavenger reacts with Cu(Il) through the
direct chelation mechanism but AG value is nine times smaller
than the AG value of the HAT reaction with ‘OH (—4.04 versus
—36.22 kcal/mol). Finally, the same conclusion is reached with
30HM. The AG value for the chelating mechanism is almost four
times smaller than the AG value of the HAT reaction with ‘OH
(—=12.52 versus —45.26 kcal/mol). Moreover, one of the most reac-
tive free radicals is OH". It can be expected that studied compounds
will react faster with this free radical than with copper cation.
Therefore, it will be difficult to scavenge copper in the presence
of OH' [81]. In summary, none of the studied molecules will be a
good copper scavenger in the presence of ‘OH. Scavengers can work
on Cu before "OH is formed.

4. Concluding remarks

The reactions of SIL and ASTA with Cu(Il) are exergonic but they
are endergonic if the reaction with Cu(I) is considered. MELA and
30HM are good copper scavengers for both, Cu(Il) and Cu(I) but
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Fig. 8. Optimized structures of 30HM and de-protonated 30HM (30H(.y)) interacting with Cu(II) and Cu(I).
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Table 1
Values are AG (Gibbs free energies of reaction) for the direct chelation mechanism (in
kcal/mol at 298.15 K). Values in brackets form Ref. [28].

SIL-Cu(II) SIL-Cu(I)
-8.15 -0.59
ASTA-Cu(Il) ASTA-Cu(I)
-10.35 0.51
MELA-Cu(Il) MELA-Cu(I)
—4.04 (-2.49) —2.31(-3.64)
30HM-Cu(II) 30HM-Cu(I)
—12.52 (-7.06) —6.41 (-5.18)
Table 2

Values are AG (Gibbs free energies of reaction) for the coupled deprotonation-
chelation process (in kcal/mol at 298.15 K). Values in brackets form Ref. [28].

SIL_y-Cu(Il) SIL_py-Cu(I)

~13.61 3.71
ASTA1-Cu(Il) ASTA(1-Cu(l)
~8.06 29.56

MELA,_;-Cu(II) MELA,_,-Cu(l)

2.76 (8.22)
30HM_yp)-Cu(ll)
~12.03 (~13.39)

10.31 (11.28)
30HM_yp)-Cu(l)
12.24 (12.59)

Table 3
Values are AG (Gibbs free energies of reaction) for the RAF process (in kcal/mol at
298.15 K). Values in brackets form Refs. [43,79,80].

SIL ASTA MELA
OH -1056  —15.16(-3243) —23.97 (-25.7)

30HM
~20.73 (~19.11)

Table 4
Values are AG (Gibbs free energies of reaction) for the HAT process (in kcal/mol at
298.15 K). Values in brackets form Refs. [43,80].

SIL ASTA MELA
~36.22 (~31.40)

30HM
—45.26 (~35.76)

.OH —22.14 —27.77

the reactions are not very exergonic. Apparently, MELA and 30HM
are better able to react with Cu(I) than SIL and ASTA.

As expected, all reactions with ‘OH are exergonic. The Gibbs free
energies for RAF and HAT mechanisms indicate that the reactions
of MELA and 30HM are more exergonic than the reactions with
SIL and ASTA. The preferred mechanism for all systems is HAT.

SIL, ASTA, MELA and 30HM can be either copper scavengers or
free radical scavengers according to thermodynamics. In the human
body, both copper and free radicals compete to react with the scav-
enger. Thermodynamics will determine whether a particular
antioxidant will trap free radicals or copper ions. In this sense,
the comparison of these two mechanisms is desirable because free
radicals and copper ions are both present. For the molecules in this
investigation and based on Gibbs free energies, it is possible to con-
clude that SIL, ASTA, MELA and 30HM are better scavengers of free
radical than they are of copper.
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