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Abstract: Caffeoylquinic (5-CQA) and feruloylquinic (5-FQA) acids, found in coffee and other plant
sources, are known to exhibit diverse biological activities, including potential antioxidant effects.
However, the underlying mechanisms of these phenolic compounds remain elusive. This paper
investigates the capacity and mode of action of 5-CQA and 5-FQA as natural antioxidants acting as
hydroperoxyl radical scavengers and xanthine oxidase (XO) inhibitors. The hydroperoxyl radical
scavenging potential was investigated using thermodynamic and kinetic calculations based on the
DFT method, taking into account the influence of physiological conditions. Blind docking and
molecular dynamics simulations were used to investigate the inhibition capacity toward the XO
enzyme. The results showed that 5-CQA and 5-FQA exhibit potent hydroperoxyl radical scavenging
capacity in both polar and lipidic physiological media, with rate constants higher than those of
common antioxidants, such as Trolox and BHT. 5-CQA carrying catechol moiety was found to be
more potent than 5-FQA in both physiological environments. Furthermore, both compounds show
good affinity with the active site of the XO enzyme and form stable complexes. The hydrogen atom
transfer (HAT) mechanism was found to be exclusive in lipid media, while both HAT and SET (single
electron transfer) mechanisms are possible in water. 5-CQA and 5-FQA may, therefore, be considered
potent natural antioxidants with potential health benefits.

Keywords: caffeoylquinic acid; feruloylquinic acid; hydroperoxyl radical scavengers; xanthine
oxidase inhibitors; DFT method; blind docking; molecular dynamics simulations

1. Introduction

Coffee is one of the most popular beverages in the world, and it is known to provide
several health benefits [1]. It contains caffeine, which is a natural stimulant that can improve
mental alertness, concentration, and mood [2]. Moreover, coffee is rich in antioxidants,
such as chlorogenic acid and caffeic acid, which can protect against oxidative stress and
inflammation and may lower the risk of various chronic diseases, including type 2 diabetes,
liver disease, and some types of cancer [3]. Some studies also suggest that moderate coffee
consumption may be associated with a lower risk of cognitive decline, depression, and
mortality [4].

5-Caffeoylquinic (5-CQA) and 5-feruloylquinic (5-FQA) acids are two types of phenolic
compounds found in abundance in coffee and other plants, which have been shown to pos-
sess various biological activities [5,6] (Figure 1). 5-CQA is present in many dicotyledonous
plants and is the most abundant phenolic acid in both Arabica and Robusta green coffee
beans, accounting for 5–6% of dry beans [7]. 5-FQA, on the other hand, is relatively less
abundant in green coffee beans (1%) and is found in many foods, such as black currant,
carrot, highbush blueberry, and loquat [8]. Both compounds are derivatives of quinic acid,
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which is a cyclic carboxylic acid. 5-CQA, also known as chlorogenic acid, has a caffeic
acid moiety attached to the quinic acid backbone. 5-FQA has a similar structure but has a
ferulic acid moiety attached to the quinic acid backbone. Both compounds contain multiple
hydroxyl groups that make them potential antioxidants by donating electrons or hydro-
gen atoms to free radicals and reducing their reactivity. 5-CQA has potent antioxidant
properties and has been shown to protect against oxidative stress and inflammation [9,10].
5-CQA may also help regulate blood sugar levels and improve insulin sensitivity [11].
5-FQA has also antioxidant and anti-inflammatory properties [12]. It has been shown to
have neuroprotective effects and may help prevent cognitive decline [13,14]. The beneficial
effects of these compounds have been the subject of numerous biological studies. A study
demonstrated the efficient absorption and rapid metabolism of 5-CQA, as well as some
evidence of antioxidant activity in vivo [15]. In addition, the antioxidant properties of six
isomers of dicaffeoylquinic acid were analyzed, and the results showed that the isomers
had varying antioxidant capacities, with some showing greater activity than others [16].
The molecular mechanisms underlying the antioxidant activities of chlorogenic acid were
examined in vitro, and it was found that the compound inhibited the activity of several
key transcription factors involved in inflammation and oxidative stress and induced the
expression of phase 2 detoxifying enzymes, which are important for protecting cells against
oxidative damage [17]. In addition, a study showed that a rosmarinic acid derivative has
potent antioxidant activity that may have applications in the management of diabetes and
hypertension [18]. Despite the numerous investigations conducted, the precise mechanisms
by which 5-CQA and 5-FQA exert their antioxidant activity, especially in their direct reac-
tions with free radicals, remain unclear. Furthermore, there has been no comparison of the
antioxidant potentials of these two compounds. Therefore, further studies are needed to
fully understand the antioxidant capabilities of these biologically active molecules.
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acid and 5-FQA = 5-feruloylquinic acid).

Xanthine oxidase (XO) is an enzyme found in the liver and other tissues that plays a
crucial role in purine metabolism. It catalyzes the oxidation of hypoxanthine to xanthine
and xanthine to uric acid, generating reactive oxygen species (ROS) as by-products. High
levels of XO activity and ROS production have been associated with oxidative stress,
inflammation, and various diseases, including cardiovascular disease and diabetes [19].
Several components of coffee, including caffeine and chlorogenic acid, have been shown
to inhibit XO activity and reduce ROS production [20,21]. The XO inhibition potential of
5-CQA, in particular, has been the subject of several experimental studies; however, to our
knowledge, 5-FQA has not yet been considered. For example, Arshad et al. investigated the
XO inhibitory activity of eight phenolic compounds, including 5-CQA, using in vitro and
computational methods, which revealed that these compounds possess varying levels of XO
inhibitory activity, potentially lowering uric acid levels and combating hyperuricemia [21].
On the other hand, Wan et al. explored the mechanisms by which eight caffeoylquinic
acids (CQAs) inhibit XO in vitro, showing that diCQAs have higher inhibitory activity
than monoCQAs due to hydrophobic interaction and hydrogen bonding and that CQAs
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preferentially bind to the flavin adenine dinucleotide region of XO [22]. In another work,
Mohamed Isa et al. studied the XO inhibitory activity of the methanol extract of Plumeria
rubra Linn flowers, which contain large amounts of phenol and flavonoids, showing that
the extract exhibits strong XO inhibitory activity in vitro and can reduce serum uric acid
levels in rats without toxicity. Despite these numerous studies on the potential inhibition
of XO by 5-CQA, the exact mechanism of the interaction between this molecule and the
enzyme is still unclear. Furthermore, given the structural similarity between 5-CQA and 5-
FQA, it is reasonable to assume that 5-FQA also has potent XO inhibitory activity. Therefore,
further research is needed to determine the XO inhibitory potential of 5-CQA and 5-FQA.

In this context and in order to explore in depth the antioxidant potential of 5-CQA
and 5-FQA as well as to compare their capacities, this study focused on the evaluation of
the reactivity toward the hydroperoxyl radical (HOO•) in physiological environments and
on the mechanism of XO inhibition. The HOO• radical is a moderately reactive ROS with
a half-life of about a few seconds in biological cells, and it is the simplest of the peroxyl
radicals that can cause significant damage to cells [23,24]. Due to these characteristics, it is a
suitable target for examining antiradical mechanisms [25]. In this study, the main antiradical
mechanisms were examined taking into account the influence of pH and physiological
environments at all possible sites of 5-CQA and 5-FQA. All the work was carried out using
DFT calculations at the M06-2X/6-311++G(d,p) level, which is one of the most accurate
methods for describing radical reactions in solution. XO inhibition, on the other hand,
was examined by blind docking and molecular dynamics simulations. These in silico
approaches are useful methods for studying the interactions between a ligand and a target
protein and can provide valuable information on the binding mechanism and stability of
the complex. The findings of this study show that 5-CQA and 5-FQA are potent radical
scavengers, with 5-CQA being more potent than 5-FQA. Both compounds were found to be
more potent than the common antioxidants Trolox and BHT under physiological conditions.
Furthermore, both compounds inhibit XO enzymes in the same way as quercetin.

2. Computational Details
2.1. Quantum Chemistry Calculations

Phenolic compounds exhibit their antiradical action through three distinct processes:
HAT (hydrogen atom transfer), RAF (radical adduct formation), and SET (single electron
transfer) [26–30]. HAT involves the transfer of a hydrogen atom from the antioxidant to
the free radical, and it can occur in both polar and lipid environments. The Gibbs free
energy of the reaction describes this one-step process. On the other hand, RAF is a one-step
process where free radicals combine with antioxidants, forming the product [antioxidant-
free radical]• [31]. The Gibbs free energy of the reaction describes this process. Unlike HAT
and RAF, SET involves an electron transfer and only occurs in polar environments [32].
The phenolic OH bonds of the antioxidant can exist in both protonated and deprotonated
forms in these environments, enabling electron transfer from the neutral or anionic state of
the antioxidant. However, SET from an undissociated phenol is often not feasible, making
it significant only for deprotonated phenols. The Gibbs free energy of electron transfer
describes the dominant step in this pathway. These mechanisms are represented by the
following equations:

Ar−OH + R· → Ar−O· + ROH (HAT)

Ar−OH + R· → [Ar−OH− R]· (RAF)

Ar−OH→ Ar−O− + H+; Ar−O− + R· → Ar−O· + R− (SET)

In this work, density functional theory (DFT) computations were carried out us-
ing the Gaussian 09 version E.01 software [33]. The M06-2X functional, which is highly
parametrized and includes empirical exchange-correlation, was used in combination with
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the 6-311++G(d,p) basis set, as it is known to be one of the most accurate approaches for
calculating rate constants for radical reactions in solution [34–36]. To account for solvation
effects in physiological media, the SMD model was employed [37]. Proton affinity (PA)
values of OH groups were computed as described in the literature [38]. The pKa values
have been calculated according to the literature using the following equation [39]:

AH + OH−(3H2O)→ A−(H2O) + 3H2O

pKa =
∆Gsol

RTln(10)
+ 14 + 3 log[H2O]

where ∆Gsol is the Gibbs free energy of the reaction in solution, R is the gas constant, and T
is the temperature (298.15 K).

The quantum mechanics-based test for overall free radical scavenging activity (QM-
ORSA) methodology was employed for the kinetic study, which was validated experi-
mentally [25,40,41]. The rate constants (k) were calculated at 298.15 K using conventional
transition state theory (TST) [42–46].

k = σκ
kBT

h
e
−∆G 6=

RT

where σ, κ, kB, h, ∆G 6= are reaction symmetry numbers, tunneling corrections, Boltzmann
constant, Planck constant, and Gibbs free energy of activation, respectively [47–49]. The
tunneling correction that refers to the ratio between quantum mechanics and classical
mechanical rates of barrier crossing was calculated using the Eckart barrier [47].

The ratio of the probability of a specific pathway to the total probability of all possible
pathways, branching ratio (Γ), was determined using the equations below:

Γi =
ki

koverall
× 100

where ki and koverall are the rate constants of a specific reaction path and the sum of the
rate constants of all reaction paths, respectively.

The Gibbs free energy of activation (∆G 6=SET) for the single electron transfer (SET)
mechanism was predicted using the Marcus theory approach [50], with λ approximated as
λ ≈ ∆ESET + ∆G0

SET .

∆G 6=SET =
λ

4

(
1 +

∆G0
SET

λ

)2

where ∆G0
SET is the Gibbs free energy of the reaction.

Finally, the apparent rate constants (kapp) were corrected using the Collins-Kimball
theory to account for diffusion limitation [51].

2.2. Blind Docking Consensus Procedure

We applied the blind docking (BD) consensus approach to study the interactions
between both ligands and XO. BD is a method that scans the whole protein surface finding
potential hotspots for a specific ligand [52]. First, we obtained the crystallized structure
of the bovine xanthine oxidase described in the Protein Data Bank (PDB), whose code
is 3nvy (https://www.rcsb.org/structure/3nvy accessed on 15 September 2021). The
PDB file obtained was processed using Maestro tools: Protein Preparation Wizard and
System Builder. The ligand was processed with LigPrep, the tool of Maestro designed to
prepare small molecules. The format of the structure obtained was mol2. All the mol2 files
generated by Maestro used the force field OPLS3e [53]. Protein and ligands were processed
with ADT to obtain a pdbqt file. The force field of the pdbqt file was Gasteiger.

https://www.rcsb.org/structure/3nvy
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BD calculations were performed using AutoDock Vina [54] and Lead Finder [55]. The
grid box size of all runs had measurements of 30 × 30 × 30 Angstroms as the default
parameter. All the runs, including the BD consensus, were performed using an alpha
version 1.0 of metascreener software (https://github.com/bio-hpc/metascreener, accessed
on 9 July 2023) The scoring function of AD and LF considered the following parameters:
Lennard-Jones interactions term (LJ), hydrogen bonds (H-bonds), electrostatic interactions,
hydrophobic stabilization, entropic penalty due to the number of rotatable bonds, and
internal energy of the ligand. Maestro software (Maestro-Desmond Interoperability Tools,
Schrödinger, New York, NY, USA, 2020) was also used to calculate the interactions between
ligand and protein residues.

2.3. Molecular Docking Simulations

The most relevant pose of each ligand obtained in the BD was selected to run molecular
dynamic simulations (MD). Three MDs were carried out using Maestro-Desmond software
version 2020-4 (Desmond Molecular Dynamics System, D. E. Shaw Research, New York,
NY, 2020. Maestro-Desmond Interoperability Tools, Schrödinger, New York, NY, USA,
2020). Both complexes created were immersed in a box filled with water molecules using
the simple point charge (SPC) scheme. The measurements of the box were 10 × 10 × 10 Å.
Sodium ions were added to neutralize charges. Ions of chlorine and sodium were added
to obtain a final NaCl concentration of 0.150 M. Periodic boundary conditions were used,
and a cutoff of 9 Å was established for van der Waals interactions. The particle mesh
Ewald (PWE) method with a tolerance of 10-9 was used in the electrostatic part. The
energy minimization was carried out by 2000 steps using the steepest descent method
with a threshold of 1.0 kcal/mol/Å. The NPT simulations were realized at 300 K with the
Nose-Hoover algorithm [56], and the pressure was maintained at 1 bar with the Martyna-
Tobias-Klein barostat [57]. The OPLS3e force field was used in all the MDs and the duration
of both MDs was 100 ns.

3. Results and Discussion
3.1. Evaluation of Radical Scavenging Mechanisms
3.1.1. Acid-Base Equilibrium at Physiological pH

Understanding the behavior of phenolic groups at physiological pH is critical in
studying free radical scavenging properties in water. While the pKa values of 5-CQA are
available in the literature [58], the same cannot be said for 5-FQA. To address this, we
followed a procedure outlined in a published paper to calculate the pKa of 5-FQA [39]. We
included the obtained pKa values and PA values of the OH groups of both compounds
in Figure 2. Our findings indicate that for both 5-CQA and 5-FQA, the COOH group is
the preferred deprotonation site, followed by the phenolic OH group at position 13, which
has the lowest PA value. In water, the mono-anionic form dominates for both compounds,
with a non-negligible amount of the dianionic form present. The neutral form is absent
under these conditions, and therefore, we only considered the mono-anionic and dianionic
forms in our study. However, in the lipid environment, only the neutral form exists, and
we considered only this form in our thermodynamic and kinetic studies.

https://github.com/bio-hpc/metascreener
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Figure 2. Acid-base equilibrium of 5-CQA and 5-FQA at physiological pH (7.4). PA = proton affinity.

3.1.2. Thermodynamic Evaluation of the Antiradical Mechanisms

Figure 3 shows the ∆G values of the reaction between 5-CQA and 5-FQA with the
HOO• radical in both aqueous and lipid media. In water, the HAT reaction of the non-
aromatic OH groups was found to be energetically unfavorable, as indicated by positive
∆G values (31.9–45.1 kcal/mol). This suggests that these OH groups are not effective for
antiradical action. Similarly, the RAF reaction at both C8 and C9 positions also showed
positive ∆G values, making this mechanism less likely to occur. However, the RAF reaction
at the C8 position was almost isergonic (2.1–2.7 kcal/mol), indicating that this process can
take place. As a result, the kinetic study also considered the RAF mechanism at C8.
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Figure 3. ∆G values calculated in kcal/mol for the reactions of 5-CQA and 5-FQA and their dissoci-
ated forms with the HOO• radical according to possible antiradical mechanisms under physiological
conditions (water and pentyl ethanoate). HAT = hydrogen atom transfer, SET = single electron
transfer, and RAF = radical adduct formation.

On the other hand, the aromatic OH groups had negative ∆G values for both 5-
CQA and 5-FQA (−5.8 to −13.0 kcal/mol), suggesting that they are the most likely sites
for the HAT process. In terms of the SET mechanism, both forms showed positive ∆G
values. However, the dianionic form exhibited the lowest ∆G values (2.0–4.8 kcal/mol vs.
29.3–29.8 kcal/mol), indicating that this mechanism could also be possible for this form.

When considering pentyl ethanoate, where only the neutral form exists, the HAT
reaction was found to be thermodynamically favorable for the phenolic OH groups (−1.4
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to −6.9 kcal/mol). In contrast, the RAF reaction was an endogenous process for both
compounds (4.4 and 4.8 kcal/mol). Despite this, the kinetic study also examined the RAF
reaction at the C8 position.

Overall, the results indicate that the HAT mechanism is more likely to occur in the
aromatic OH groups, while the RAF mechanism is less favorable. However, the RAF
reaction at the C8 position is also possible. The SET mechanism was found to be less likely
but could still be active for the dianionic form.

3.1.3. Reaction Kinetics under Physiological Conditions
Effects of Polar Physiological Media

Using the QM-ORSA protocol [25], and based on the thermodynamic evaluation, we
calculated the overall and individual rate constants for the reaction between 5-CQA and
5-FQA with the HOO• radical in water at physiological pH. The results are presented in
Table 1, and the localized transition states can be seen in Figure 4. We found that both 5-CQA
and 5-FQA reacted with high-rate constants of 2.68 × 108 M−1s−1 and 2.28 × 107 M−1s−1,
respectively. However, the reaction of 5-CQA is about 10 times faster than that of 5-FQA.
Analysis of the data in Table 1 reveals that the SET mechanism is exclusive in the case
of 5-FQA (Γ = 100%), while the HAT mechanism at 12OH plays a dominant role in the
case of 5-CQA (Γ = 70%), despite the high-rate constant of the electron transfer process
(7.95 × 107 M−1s−1). This suggests that the deprotonated catechol moiety in water is highly
reactive toward radical species. Similar findings were also observed for other catechol
derivatives, such as 5-O-methylnorbergenin [59], quercetins [60], caftaric acid [61], and
anthocyanidins [62].

Table 1. Calculated Gibbs free energy of activation (∆G 6= in kcal/mol), tunneling correction (κ),
branching ratio (Γ in %), and rate constants (k in M−1s−1) of the reaction of 5-CQA and 5-FQA
with HOO• radical following the thermodynamically favorable antiradical mechanisms in water at
physiological pH.

Comp. Mechanisms State ∆G 6= κ kapp f a kf
b Γ koverall

5-CQA

HAT
12OH

5-CQA–

16.8 205.7 6.60 × 102

0.918

6.06 × 102 0

2.68 × 108

13OH 17.5 436.8 8.40 × 101 7.71 × 101 0

RAF C8 19.6 1.4 2.50 × 10−2 2.30 × 10−2 0

HAT 12OH

5-CQA–2

2.0 1.2 2.30 × 109

0.082

1.89 × 108 70

RAF C8 14.2 1.0 2.40 × 102 1.97 × 101 0

SET 4.8 4.0 c 9.70 × 108 7.95 × 107 30

5-FQA

HAT 13OH
5-FQA–

17.4 838.8 1.70 × 102

0.988
1.68 × 102 0

2.28 × 107
RAF C8 17.5 1.4 1.20 × 100 1.19 × 100 0

RAF C8
5-FQA–2

10.8 1.0 7.80 × 104

0.012
9.36 × 102 0

SET 3.7 1.1 c 1.90 × 109 2.28 × 107 100
a mole fraction; b kf = f.kapp; c nuclear reorganization energy (λ).
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Figure 4. Optimized TS structures of the reaction of 5-CQA and 5-FQA with HOO• radical following
HAT (hydrogen atom transfer) and RAF (radical adduct formation) mechanisms in water (W).

Moreover, it is worth noting that the overall rate constants of 5-CQA and 5-FQA are
comparable to that of the reference antioxidant ascorbic acid (k = 9.97 × 107 M−1 s−1) [25]
and the structurally similar system caftaric acid (k = 9.09 × 108 M−1 s−1) [61] but higher
than that of Trolox (1.13 × 105 M−1s−1) [63], BHT (2.51 × 105 M−1s−1) [64], carnosic acid
(k = 4.73 × 106 M−1s−1) [65], and cannabidiol (k = 9.09 × 106 M−1s−1) [66]. This indicates
that 5-CQA and 5-FQA are potent antiradical agents under polar physiological conditions.

Effects of Lipid-Like Physiological Media

Since the SET process is not feasible in nonpolar media, it was not considered in the
lipid environment, thus the study focused only on the RAF and HAT mechanisms. The
results obtained from the reaction of 5-CQA and 5-FQA with the HOO• radical in pentyl
ethanoate are presented in Table 2, and the localized TSs are shown in Figure 5. As we can
see, RAF at the C8 position occurs with a low-rate constant that does not contribute to the
overall rate constant for the two compounds studied (Γ = 0%). The HAT mechanism, on the
other hand, is dominant under these conditions. The overall rate constants of 5-CQA and
5-FQA are 2.09 × 106 and 4.10 × 104 M−1s−1, respectively, reflecting the potent free radical
scavenging activity of these compounds compared with typical antioxidants, such as Trolox
(1.00 × 105 M−1s−1) [63] and BHT (1.70 × 104 M−1s−1) [64]. These values are also higher
than values for recognized antioxidants such as caftaric acid (k = 1.82 × 103 M−1 s−1) [61],
carnosic acid (k = 5.70 × 103 M−1s−1) [65], and cannabidiol (k = 2.60 × 103 M−1s−1) [66],
indicating that 5-CQA and 5-FQA are potent antioxidants in lipid media. As observed in
water, the reactivity of 5-CQA is higher than that of 5-FQA, indicating that the former is a
better antioxidant than the latter in both polar and lipid media.
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Table 2. Calculated Gibbs free energy of activation (∆G 6= in kcal/mol), tunneling correction
(κ), branching ratio (Γ in %), and rate constants (k in M−1s−1) of the reaction of 5-CQA and 5-
FQA with HOO• radical following the thermodynamically favorable antiradical mechanisms in
pentyl ethanoate.

Comp. Mechanisms ∆G 6= κ kapp Γ koverall

5-CQA
HAT

12OH 8.7 0.7 1.80 × 106 86

2.09 × 10613OH 5.7 0.0 2.90 × 105 14

RAF C8 19.7 1.5 3.40 × 10−2 0

5-FQA
HAT 13OH 7.9 0.0 4.10 × 104 100

4.10 × 104
RAF C8 16.0 1.5 1.60 × 101 0
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Figure 5. Optimized TSs structures of the reaction of 5-CQA and 5-FQA with HOO• radical fol-
lowing HAT (hydrogen atom transfer) and RAF (radical adduct formation) mechanisms in pentyl
ethanoate (PE).

In summary, the findings revealed that both 5-CQA and 5-FQA react with the HOO•

radical in physiological media at high-rate constants, with 5-CQA reacting faster than
5-FQA. Mechanistically, 5-CQA reacts primarily via the HAT mechanism in polar and
lipidic media, whereas 5-FQA appears to be more active in water via the SET mecha-
nism rather than the HAT mechanism. The overall rate constants of both compounds
are comparable to or greater than those of reference antioxidants, suggesting that these
compounds are promising candidates for further study as potential antiradical agents in
physiological media.

3.2. Blind Docking and Molecular Dynamics Simulations

The results of the BD calculation (Figure 6) show how the first three hotspots have a
similar docking score (5-CQA:−11.21 kcal/mol to−9.94 kcal/mol, 5-FQA:−10.12 kcal/mol
to −9.47 kcal/mol). The first hotspot is the enzyme’s active site, whose substrate is
quercetin [67]. Figure 7 shows the residues that interacted with both ligands. Regarding
the interactions with residues, some of them are common with the quercetin complex:
E1261 interacted with both ligands and Glu802, Leu873, Arg880, and Phe914. Phe1009,
Thr1010, Val1011, and Leu1014 interacted only with 5-CQA. The average docking score of
each compound was as follows: −11.21 kcal/mol for the 5-CQA and −10.12 kcal/mol for
the 5-FQA.
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Figure 7. (A) Blinding the docking complex with hotspot number 1 resulted from the BD consensus.
Illustrative images were prepared using the Pymol software version 2.5.0. (B) Two-dimensional
protein-ligand interaction diagram generated between xanthine oxidase and 5-CQA (left) and 5-FQA
(right), using the Ligand Interaction script in Maestro (Schrödinger, Inc., www.schrodinger.com
accessed on 20 June 2022).

The results of the MD show how the protein reached a stable conformation in both
complexes. The maximum RMSD value of the protein was 2.7 Å in both complexes.
Regarding the MD with the protein without ligand, the maximum RMSD value was 1.8 Å.
Moreover, the ligand stayed in a stable pose in the active site: 5-CQA had a maximum
RMSD value of 4.5 Å, and 5-FQA had a value of 3.6 Å (Figure 8).

www.schrodinger.com
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Figure 8. The root-mean-square deviation (RMSD) obtained for xanthine oxidase (blue (A) and
orange (B)) bound to 5-FQA (red) or 5-CQA (purple) plotted with respect to the initial pose. The
RMSD of the xanthine oxidase WT is represented in both plots (A,B) in green.
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The main interactions of the 5-CQA along the trajectory were as follows: ionic
interactions—Glu1261; hydrophobic interactions—Phe914, Phe1009, Val1011, and Ala1078;
and polar interactions—Gln767, Thr1010, Gln1040, Ala1078, Ser1080, and Ser1082 (Figure 9).
The main interactions of the 5-FQA along the trajectory were as follows: ionic interactions—
Arg912, Lys1045, Asp1191, and Glu1261; polar interactions—Thr1077, Ser1080, and Ser1082;
and water interactions—Gly913 (Figure 10). These results show the high stability of 5-CQA
and 5-FQA and Xanthine Oxidase complexes, and we could infer that both ligands could
be inhibitors of the enzyme.
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Figure 10. Two-dimensional protein-ligand interaction diagram generated between xanthine oxidase
and 5-FQA, using the Simulation Interactions Diagram script in Maestro (Schrödinger Inc., www.
schrodinger.com accessed on 20 June 2022).

4. Conclusions

The free radical scavenging activity and mechanism as well as the XO inhibition
potential of 5-CQA and 5-FQA were fully investigated. The radical scavenging activ-
ity was assessed by modeling the reactivity of 5-CQA and 5-FQA toward the HOO•

radical following the main antiradical mechanism under physiological conditions. The
three mechanisms—HAT, RAF, and SET—were considered for all possible positions of the
molecules, taking into account the influence of physiological pH. The results revealed that
5-CQA and 5-FQA were potent antioxidants with a greater capacity to scavenge hydroper-
oxyl radicals in polar and lipidic media than common antioxidants, such as Trolox and
BHT. 5-CQA with the catechol moiety was found to be more active than 5-FQA. Further-
more, 5-CQA and 5-FQA exist mainly in dissociated form at physiological pH, which is
important for their antioxidant activity. It was also revealed that the mechanism of 5-CQA
action was mainly the HAT in both physiological environments, while the mechanism of
5-FQA was environment-dependent, with the SET mechanism becoming more important
in polar environments.

On the other hand, the inhibition potential of XO was evaluated using BD and MD
simulations. The BD results showed that the active site of the enzyme was the first hotspot
with the best docking score for 5-CQA and 5-FQA. The 100 ns MD simulation confirmed
the stability of the complexes and revealed that both compounds interact mainly with the
same residues as quercetin.

www.schrodinger.com
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These results suggest that 5-CQA and 5-FQA are potent free radical scavengers and
XO inhibitors and may have potential applications as natural antioxidants in various fields,
including the food and medicinal industries.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12091669/s1, Table S1. The cartesian coordinates and
energies of the TSs of the reaction between 5-CQA and 5-FQA and HOO• calculated at M06-2X/6-
311++G(d,p) level in physiological media.
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20. Gawlik-Dziki, U.; Dziki, D.; Świeca, M.; Nowak, R. Mechanism of action and interactions between xanthine oxidase inhibitors
derived from natural sources of chlorogenic and ferulic acids. Food Chem. 2017, 225, 138–145. [CrossRef]

21. Mehmood, A.; Li, J.; Rehman, A.U.; Kobun, R.; Llah, I.U.; Khan, I.; Althobaiti, F.; Albogami, S.; Usman, M.; Alharthi, F.; et al.
Xanthine oxidase inhibitory study of eight structurally diverse phenolic compounds. Front. Nutr. 2022, 9, 966557. [CrossRef]
[PubMed]

22. Wan, Y.; Qian, J.; Li, Y.; Shen, Y.; Chen, Y.; Fu, G.; Xie, M. Inhibitory mechanism of xanthine oxidase activity by caffeoylquinic
acids in vitro. Int. J. Biol. Macromol. 2021, 184, 843–856. [CrossRef]

23. de Grey, A.D.N.J. HO2•: The forgotten radical. DNA Cell Biol. 2002, 21, 251–257. [CrossRef]
24. Pryor, W.A. Oxy-radicals and related species: Their formation, lifetimes, and reactions. Annu. Rev. Physiol. 1986, 48, 657–667.

[CrossRef]
25. Galano, A.; Alvarez-Idaboy, J.R. A computational methodology for accurate predictions of rate constants in solution: Application

to the assessment of primary antioxidant activity. J. Comput. Chem. 2013, 34, 2430–2445. [CrossRef] [PubMed]
26. Leopoldini, M.; Russo, N.; Toscano, M. The molecular basis of working mechanism of natural polyphenolic antioxidants. Food

Chem. 2011, 125, 288–306. [CrossRef]
27. Galano, A.; Mazzone, G.; Alvarez-Diduk, R.; Marino, T.; Alvarez-Idaboy, J.R.; Russo, N. Food Antioxidants: Chemical Insights at

the Molecular Level. Annu. Rev. Food Sci. Technol. 2016, 7, 335–352. [CrossRef] [PubMed]
28. Litwinienko, G.; Ingold, K.U. Abnormal Solvent Effects on Hydrogen Atom Abstractions. 1. The Reactions of Phenols with

2,2-Diphenyl-1-picrylhydrazyl (dpph•) in Alcohols. J. Org. Chem. 2003, 68, 3433–3438. [CrossRef]
29. Litwinienko, G.; Ingold, K.U. Abnormal Solvent Effects on Hydrogen Atom Abstraction. 2. Resolution of the Curcumin

Antioxidant Controversy. The Role of Sequential Proton Loss Electron Transfer. J. Org. Chem. 2004, 69, 5888–5896. [CrossRef]
30. Litwinienko, G.; Ingold, K.U. Abnormal Solvent Effects on Hydrogen Atom Abstraction. 3. Novel Kinetics in Sequential Proton

Loss Electron Transfer Chemistry. J. Org. Chem. 2005, 70, 8982–8990. [CrossRef]
31. Leopoldini, M.; Chiodo, S.G.; Russo, N.; Toscano, M. Detailed Investigation of the OH Radical Quenching by Natural Antioxidant

Caffeic Acid Studied by Quantum Mechanical Models. J. Chem. Theory Comput. 2011, 7, 4218–4233. [CrossRef]
32. Xue, Y.; Liu, Y.; Xie, Y.; Cong, C.; Wang, G.; An, L.; Teng, Y.; Chen, M.; Zhang, L. Antioxidant activity and mechanism of

dihydrochalcone C-glycosides: Effects of C-glycosylation and hydroxyl groups. Phytochemistry 2020, 179, 112393. [CrossRef]
33. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.;

Petersson, G.A.; et al. Gaussian 09; Gaussian, Inc.: Wallingford, CT, USA, 2009.
34. Zhao, Y.; Truhlar, D.G. The Mo6 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncova-

lent interactions, excited states, and transition elements: Two new functionals and systematic testing of four Mo6-class functionals
and 12 other functionals. Theor. Chem. Acc. 2008, 120, 215–241. [CrossRef]

35. Galano, A.; Alvarez-Idaboy, J.R. Kinetics of radical-molecule reactions in aqueous solution: A benchmark study of the performance
of density functional methods. J. Comput. Chem. 2014, 35, 2019–2026. [CrossRef]

36. Zhao, Y.; Truhlar, D.G. How Well Can New-Generation Density Functionals Describe the Energetics of Bond-Dissociation
Reactions Producing Radicals? J. Phys. Chem. A 2008, 112, 1095–1099. [CrossRef]

37. Marenich, A.V.; Cramer, C.J.; Truhlar, D.G. Universal Solvation Model Based on Solute Electron Density and on a Continuum
Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113, 6378–6396.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.jnutbio.2013.12.002
https://doi.org/10.1021/jf506005b
https://doi.org/10.3390/nu9050477
https://www.ncbi.nlm.nih.gov/pubmed/28489058
https://doi.org/10.1016/j.foodchem.2021.131752
https://www.ncbi.nlm.nih.gov/pubmed/34896954
https://doi.org/10.1093/jn/131.1.66
https://www.ncbi.nlm.nih.gov/pubmed/11208940
https://doi.org/10.1021/jf050046h
https://doi.org/10.1074/jbc.M503347200
https://doi.org/10.1016/j.redox.2021.102195
https://doi.org/10.1016/j.foodchem.2017.01.016
https://doi.org/10.3389/fnut.2022.966557
https://www.ncbi.nlm.nih.gov/pubmed/36204384
https://doi.org/10.1016/j.ijbiomac.2021.06.075
https://doi.org/10.1089/104454902753759672
https://doi.org/10.1146/annurev.ph.48.030186.003301
https://doi.org/10.1002/jcc.23409
https://www.ncbi.nlm.nih.gov/pubmed/23939817
https://doi.org/10.1016/j.foodchem.2010.08.012
https://doi.org/10.1146/annurev-food-041715-033206
https://www.ncbi.nlm.nih.gov/pubmed/26772412
https://doi.org/10.1021/jo026917t
https://doi.org/10.1021/jo049254j
https://doi.org/10.1021/jo051474p
https://doi.org/10.1021/ct200572p
https://doi.org/10.1016/j.phytochem.2020.112393
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1002/jcc.23715
https://doi.org/10.1021/jp7109127
https://doi.org/10.1021/jp810292n
https://www.ncbi.nlm.nih.gov/pubmed/19366259


Antioxidants 2023, 12, 1669 17 of 18

38. Boulebd, H. Is cannabidiolic acid an overlooked natural antioxidant? Insights from quantum chemistry calculations. New J. Chem.
2022, 46, 162–168. [CrossRef]

39. Rebollar-Zepeda, A.M.; Campos-Hernández, T.; Ramírez-Silva, M.T.; Rojas-Hernández, A.; Galano, A. Searching for Computa-
tional Strategies to Accurately Predict pKas of Large Phenolic Derivatives. J. Chem. Theory Comput. 2011, 7, 2528–2538. [CrossRef]
[PubMed]

40. Galano, A.; Raúl Alvarez-Idaboy, J. Computational strategies for predicting free radical scavengers’ protection against oxidative
stress: Where are we and what might follow? Int. J. Quantum Chem. 2019, 119, e25665. [CrossRef]

41. Zhao, Y.; Schultz, N.E.; Truhlar, D.G. Design of density functionals by combining the method of constraint satisfaction with
parametrization for thermochemistry, thermochemical kinetics, and noncovalent interactions. J. Chem. Theory Comput. 2006, 2,
364–382. [CrossRef]

42. Evans, M.G.; Polanyi, M. Some applications of the transition state method to the calculation of reaction velocities, especially in
solution. Trans. Faraday Soc. 1935, 31, 875–894. [CrossRef]

43. Eyring, H. The activated complex in chemical reactions. J. Chem. Phys. 1935, 3, 107–115. [CrossRef]
44. Truhlar, D.G.; Hase, W.L.; Hynes, J.T. Current status of transition-state theory. J. Phys. Chem. A 1983, 87, 2664–2682. [CrossRef]
45. Furuncuoglu, T.; Ugur, I.; Degirmenci, I.; Aviyente, V. Role of chain transfer agents in free radical polymerization kinetics.

Macromolecules 2010, 43, 1823–1835. [CrossRef]
46. Vélez, E.; Quijano, J.; Notario, R.; Pabón, E.; Murillo, J.; Leal, J.; Zapata, E.; Alarcón, G. A computational study of stereospecifity in

the thermal elimination reaction of menthyl benzoate in the gas phase. J. Phys. Org. Chem. 2009, 22, 971–977. [CrossRef]
47. Pollak, E.; Pechukas, P. Symmetry numbers, not statistical factors, should be used in absolute rate theory and in Broensted

relations. J. Am. Chem. Soc. 1978, 100, 2984–2991. [CrossRef]
48. Fernández-Ramos, A.; Ellingson, B.A.; Meana-Pañeda, R.; Marques, J.M.; Truhlar, D.G. Symmetry numbers and chemical reaction

rates. Theor. Chem. Acc. 2007, 118, 813–826. [CrossRef]
49. Eckart, C. The penetration of a potential barrier by electrons. Phys. Rev. 1930, 35, 1303. [CrossRef]
50. Corchado, J.C.; Coitino, E.L.; Chuang, Y.-Y.; Fast, P.L.; Truhlar, D.G. Interpolated variational transition-state theory by mapping. J.

Phys. Chem. A 1998, 102, 2424–2438. [CrossRef]
51. Collins, F.C.; Kimball, G.E. Diffusion-controlled reaction rates. J. Colloid Sci. 1949, 4, 425–437. [CrossRef]
52. Tapia-Abellán, A.; Angosto-Bazarra, D.; Martínez-Banaclocha, H.; de Torre-Minguela, C.; Cerón-Carrasco, J.P.; Pérez-Sánchez,

H.; Arostegui, J.I.; Pelegrin, P. MCC950 closes the active conformation of NLRP3 to an inactive state. Nat. Chem. Biol. 2019, 15,
560–564. [CrossRef] [PubMed]

53. Roos, K.; Wu, C.; Damm, W.; Reboul, M.; Stevenson, J.M.; Lu, C.; Dahlgren, M.K.; Mondal, S.; Chen, W.; Wang, L.; et al. OPLS3e:
Extending Force Field Coverage for Drug-Like Small Molecules. J. Chem. Theory Comput. 2019, 15, 1863–1874. [CrossRef]
[PubMed]

54. Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [CrossRef] [PubMed]

55. Stroganov, O.V.; Novikov, F.N.; Stroylov, V.S.; Kulkov, V.; Chilov, G.G. Lead Finder: An Approach To Improve Accuracy of
Protein−Ligand Docking, Binding Energy Estimation, and Virtual Screening. J. Chem. Inf. Model. 2008, 48, 2371–2385. [CrossRef]

56. Nosé, S. A unified formulation of the constant temperature molecular dynamics methods. J. Chem. Phys. 1984, 81, 511–519.
[CrossRef]

57. Martyna, G.J.; Tobias, D.J.; Klein, M.L. Constant pressure molecular dynamics algorithms. J. Chem. Phys. 1994, 101, 4177–4189.
[CrossRef]

58. Maegawa, Y.; Sugino, K.; Sakurai, H. Identification of free radical species derived from caffeic acid and related polyphenols. Free
Radic. Res. 2007, 41, 110–119. [CrossRef]

59. Ngoc, T.D.; Le, T.N.; Nguyen, T.V.A.; Mechler, A.; Hoa, N.T.; Nam, N.L.; Vo, Q.V. Mechanistic and Kinetic Studies of the Radical
Scavenging Activity of 5-O-Methylnorbergenin: Theoretical and Experimental Insights. J. Phys. Chem. B 2022, 126, 702–707.
[CrossRef]

60. Castañeda-Arriaga, R.; Marino, T.; Russo, N.; Alvarez-Idaboy, J.R.; Galano, A. Chalcogen effects on the primary antioxidant
activity of chrysin and quercetin. New J. Chem. 2020, 44, 9073–9082. [CrossRef]

61. Boulebd, H.; Mechler, A.; Thi Hoa, N.; Vo, Q.V. Insights on the kinetics and mechanisms of the peroxyl radical scavenging capacity
of caftaric acid: The important role of the acid–base equilibrium. New J. Chem. 2022, 46, 7403–7409. [CrossRef]

62. Vo, Q.V.; Hoa, N.T.; Thong, N.M.; Mechler, A. The hydroperoxyl and superoxide anion radical scavenging activity of antho-
cyanidins in physiological environments: Theoretical insights into mechanisms and kinetics. Phytochemistry 2021, 192, 112968.
[CrossRef] [PubMed]

63. Vo, Q.V.; Thong, N.M.; Le Huyen, T.; Nam, P.C.; Tam, N.M.; Hoa, N.T.; Mechler, A. A thermodynamic and kinetic study of the
antioxidant activity of natural hydroanthraquinones. RSC Adv. 2020, 10, 20089–20097. [CrossRef] [PubMed]

64. Boulebd, H. Radical scavenging behavior of butylated hydroxytoluene against oxygenated free radicals in physiological environ-
ments: Insights from DFT calculations. Int. J. Chem. Kinet. 2022, 54, 50–57. [CrossRef]

65. Boulebd, H. Modeling the peroxyl radical scavenging behavior of Carnosic acid: Mechanism, kinetics, and effects of physiological
environments. Phytochemistry 2021, 192, 112950. [CrossRef] [PubMed]

https://doi.org/10.1039/D1NJ04771J
https://doi.org/10.1021/ct2001864
https://www.ncbi.nlm.nih.gov/pubmed/26606626
https://doi.org/10.1002/qua.25665
https://doi.org/10.1021/ct0502763
https://doi.org/10.1039/tf9353100875
https://doi.org/10.1063/1.1749604
https://doi.org/10.1021/jp953748q
https://doi.org/10.1021/ma902803p
https://doi.org/10.1002/poc.1547
https://doi.org/10.1021/ja00478a009
https://doi.org/10.1007/s00214-007-0328-0
https://doi.org/10.1103/PhysRev.35.1303
https://doi.org/10.1021/jp9801267
https://doi.org/10.1016/0095-8522(49)90023-9
https://doi.org/10.1038/s41589-019-0278-6
https://www.ncbi.nlm.nih.gov/pubmed/31086329
https://doi.org/10.1021/acs.jctc.8b01026
https://www.ncbi.nlm.nih.gov/pubmed/30768902
https://doi.org/10.1002/jcc.21334
https://www.ncbi.nlm.nih.gov/pubmed/19499576
https://doi.org/10.1021/ci800166p
https://doi.org/10.1063/1.447334
https://doi.org/10.1063/1.467468
https://doi.org/10.1080/10715760600943892
https://doi.org/10.1021/acs.jpcb.1c09196
https://doi.org/10.1039/D0NJ01795G
https://doi.org/10.1039/D2NJ00377E
https://doi.org/10.1016/j.phytochem.2021.112968
https://www.ncbi.nlm.nih.gov/pubmed/34598044
https://doi.org/10.1039/D0RA04013D
https://www.ncbi.nlm.nih.gov/pubmed/35520421
https://doi.org/10.1002/kin.21540
https://doi.org/10.1016/j.phytochem.2021.112950
https://www.ncbi.nlm.nih.gov/pubmed/34530282


Antioxidants 2023, 12, 1669 18 of 18

66. Boulebd, H.; Pereira, D.M.; Khodja, I.A.; Hoa, N.T.; Mechler, A.; Vo, Q.V. Assessment of the free radical scavenging potential of
cannabidiol under physiological conditions: Theoretical and experimental investigations. J. Mol. Liq. 2022, 346, 118277. [CrossRef]

67. Cao, H.; Pauff, J.M.; Hille, R. X-ray Crystal Structure of a Xanthine Oxidase Complex with the Flavonoid Inhibitor Quercetin. J.
Nat. Prod. 2014, 77, 1693–1699. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.molliq.2021.118277
https://doi.org/10.1021/np500320g

	Introduction 
	Computational Details 
	Quantum Chemistry Calculations 
	Blind Docking Consensus Procedure 
	Molecular Docking Simulations 

	Results and Discussion 
	Evaluation of Radical Scavenging Mechanisms 
	Acid-Base Equilibrium at Physiological pH 
	Thermodynamic Evaluation of the Antiradical Mechanisms 
	Reaction Kinetics under Physiological Conditions 

	Blind Docking and Molecular Dynamics Simulations 

	Conclusions 
	References

