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A B S T R A C T   

The antioxidant activity of nine lichen substances, including methylatrarate (1), methyl haematommate (2), 
lobaric acid (3), fumarprotocetraric acid (4), sphaerophorin (5), subsphaeric acid (6), diffractaic acid (7), bar
batolic acid (8) and salazinic acid (9) has been determined through cyclic voltammetry. The compounds 1–4 
presented slopes close to the Nernst constant of 0.059 V, indicating a 2H+/2e− relation between protons and 
electrons, as long as the compounds 5, 6, 7, 8, and 9 present slopes between 0.037 V and 0.032 V, indicating a 
1H+/2e− relation between protons and electrons. These results show a high free radical scavenging activity by 
means of the release of H+, suggesting an important antioxidant capacity of these molecules. Theoretical cal
culations of hydrogen bond dissociation enthalpies (BDE), proton affinities (PA), and Proton Transfer (PT) 
mechanisms, at M06-2x/6-311+G(d,p) level complement the experimental results. Computations support that 
the best antioxidant activity is obtained for the molecules (3, 4, 5, 6, 7 and 8), that have a carboxylic acid group 
close to a phenolic hydroxyl group, through hydrogen atomic transfer (HAT) and sequential proton loss electron 
transfer (SPLET) mechanisms. Additional computations were performed for modelling binding affinity of the 
lichen substances with CYPs enzymes, mainly CYP1A2, CYP51, and CYP2C9*2 isoforms, showing strong affinity 
for all the compounds described in this study.   

1. Introduction 

The natural antioxidants can protect the human body from reactive 
oxygen species (ROS) or oxidative stress [1], which is an imbalance 
between the production of reactive species and antioxidant defense ac
tivity [2]. These ROS species are a known contributing factor to many 

chronic diseases such as cancer, diabetes, neurodegenerative and car
diovascular diseases [3]. The production of ROS is a natural by-product 
of several essential biochemical reactions, in special the mitochondrial 
electron transport chain, generally regulated by the presence of anti
oxidants [4]. 

Lichens are symbiotic associations between a fungus and one or more 
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photosynthetic organisms (green algae or a cyanobacterium), resulting 
in a morphologically different thallus to each of its components as a 
totally new morphological entity [5]. These species are used in tradi
tional medicine and they are rich in secondary metabolites, known as 
lichenic substances (depsides, depsidones, dibenzofurans, pulvinic acid 
derivatives) and pigments (anthraquinones, napthoquinones, and xan
thones) which are bioactive compounds that have shown widespread 
use [6–13]. 

Lichens evolved in a wide variety of ecosystems, favoring the crea
tion of a wide variety of lichenic substances, this has allowed knowing 
multiple biological activities, being the most outstanding the enzymatic 
inhibition activities of cholinesterase, inhibitors of SARS-CoV-2 3CL 
Protease, antimycobacterial activity against multidrug-resistant tuber
culosis strains, anthelmintic, cytotoxic and antioxidant activity [11, 
14–21]. Lichens biosynthesize substances’ high antioxidant activity, 
attributed to the number of hydroxyl (OH) groups present in their aro
matic ring(s) [22]. The theoretical analysis of phenolic molecules is an 
important field because it allows us to understand and determine the 
mechanism of radical scavenging, and common motifs, involved in the 
antioxidant activity helping in the rational design of novel antioxidants 
[23]. In this context, the antioxidant properties of lichen substances 
measured by voltammetry and associated with computational ap
proaches based on hydrogen atom transfer (HAT) [24] and sequential 
proton loss electron transfer (SPLET) [25] mechanisms are necessary for 
expanding our knowledge about the radical scavenger capability of 
these phenolic compounds. Some of the authors of this work showed the 
importance of theoretical studies to provide insight into important as
pects of the mechanisms and antioxidant activities of different poly
phenolic compounds [26–28] about the antioxidant activity in lichen 
substances and only few computational works (add references). Herein 
we evaluate the antioxidant activity of nine lichen substances by 
analyzing cyclic voltammetry measurements and theoretical calcula
tions: computed thermochemical properties using DFT methods and 
molecular docking for exploring possible antioxidant activity mediated 
by Cytochrome P450 (CYP) enzymes by estimating the affinity of the 
lichen compounds for CYPs enzyme isoforms. The latter analysis sug
gests that the isoform with the highest affinity for the majority for the 
compounds is CYP2C9*2. 

2. Methods 

2.1. Materials 

Species of Umbilicaria antarctica Frey & I.M. Lamb, Cladonia meta
corallifera, Sphaerophorus globosus, Coelopogon epiphorellum, and 
Himantormia lugubris were collected in “Peninsula Fildes”, King George 
Island, Antarctic, March of, 2019. Samples were identified and vouchers 
specimens were deposited at the Extreme Natural Product Laboratory, 
Universidad de Chile with the reference numbers: UA-010414, CM- 
010414, SG-010414, CE-010414, and HL-010414 respectively. Stereo
caulon glareosum and Usnea barbata, were collected at Huaraz - Perú, in 
2013 and at Chillan, VIII Region-Chile, in 2015. A voucher specimen Nº 
ST-10062013 and UB-06092015 was generated, respectively. 

2.2. Extraction and isolation 

The dried lichen species were extracted with MeOH (Sigma Aldrich 
Co., Santiago, Chile) and the extracts obtained were purified first by 
Sephadex LH-20 (MeOH as mobile phase) (Sigma Aldrich Co., Santiago, 
Chile) and further by column chromatography (CC), Silica gel (SiO2) 
(Kieselgel 60, Merck, Santiago, Chile 0.063–0.200 mm). All compounds 
were identified by comparing the 1H NMR spectra (Avance II 400 MHz 
multidimensional spectrometer, Bruker Corporation, Billerica, MA, 
USA) with those of scientific literature (Huneck and Yoshimura 1996). 

Everniosis trulla (30 g) afforded 30 mg methylatrarate (1) and 45 mg 
methyl haematommate (2), while Umbilicaria antarctica (50 g) gave 120 

mg lobaric acid (3) [29]. Fumarprotocetraric acid (25 mg;4) was iso
lated from Cladonia cariosa (25 g) [30], while sphaerophorin (44 mg; 5) 
and subsphaeric acid (68 mg; 6) from Sphaerophorus globosus (10 g) and 
Coelopogon epiphorellum (15 g), respectively. Finally, Usnea barbata (100 
g) and Himantormia lugubris (30 g) afforded the compounds diffractaic 
acid (119 mg; 7) [29], barbatolic acid (98 mg; 8) [30]. and salazinic acid 
(19 mg; 9) [29]. 

2.3. Measurement procedure for cyclic voltammetry 

The electrochemical cell was constituted by a system of three 
incorporated screen-printed electrodes (DRP C110, DRP-110 SWCNT 
DropSens, Oviedo, Spain) with a working electrode of carbon (4 mm), 
Ag pseudo reference electrode and carbon as counter electrode. 3.0 mg 
of sample were dissolved in 0.1 mL of 0.01 M PBS (Merck Co., Bogotá, 
Colombia). 0.05 mL of the dissolved sample was deposited on the screen- 
printed surface of the electrodes. After 5 s the voltammograms were 
scanned from 0.0 to 1.2 V with scan rate 0.05 Vs-1. 

2.4. Theoretical approaches and computational details 

All optimizations and frequency calculations for the neutral, radicals, 
and cations conformations were performed at M06-2X [31]/6-311+G(d, 
p) [32,33] level, using the Gaussian 16 software [34]. The water solvent 
was considered through the implicit polarizable continuous model 
(PCM) formalism. Complete explorations of the intramolecular in
teractions were taken into account to choose the most stable geometries. 
Finally, frequency calculations analysis verified that all the structures 
studied are true minima on the potential energy surface (PES). 

To determine the mechanistic pathway of the radical scavenging 
process, thermochemical properties were used by assessing the ener
getics of the determining step of each pathway. The literature recognizes 
three common mechanisms of antioxidant activity. The first corresponds 
to the hydrogen atom transfer (HAT), regularly used for gas-phase re
actions. The leader step corresponds to homolytic bond breakage as an 
appropriate moiety to yield a hydrogen radical (H•), followed by re
actions with free-radical (R•) species. 

R − H → R• + H•(BDE) (1) 

The antioxidant capacity is assessed by the R–H moiety’s lowest bond 
dissociation enthalpy (BDE). The second mechanism corresponds to a 
single electron transfer followed by a proton transfer (SET-PT) [35], 
where the initial step corresponds to electron (e− ) loss to form a radical 
cation (RH+•) followed by a deprotonating step. 

R − H → RH+• + e− (IE) (2)  

RH+• → R• + H+(PDE) (3) 

The lowest ionization energy (IE) value for the first step and the 
proton dissociation enthalpy (PDE) for the second step should determine 
the facility as an antioxidant molecule. Finally, the third mechanism 
corresponds to the sequential proton loss electron transfer (SPLET). This 
turns into a dissociation of an acidic moiety, which can be characterized 
by proton affinity (PA). The lowest PA values establish an important step 
for the antioxidant activity; subsequently, an electron transfer follows 
the reaction to the free radical at the cost of the electron transfer energy 
(ETE) 

R − H → R− + H+(PA) (4)  

R− → R• + e− (ETE) (5) 

Consequently, the reaction enthalpies (H) of the individual steps in 
the mechanisms of the antioxidant activity described above in the gas 
phase (at 298.15 K and 1 atm) are calculated as follows: 

BDE =H(R•) +H(H•) − H(R − H) (6) 
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IE =H(RH•+)+H(e− ) − H(R − H) (7)  

PDE =H(R•)+H(H+ − H(R•+) (8)  

PA=H(R− ) +H(H+) − H(R − H) (9)  

ETE =H(R•) +H(e− ) − H(R− ) (10) 

The standard values of the enthalpies for electron and proton in the 
gas phase can be taken from the commonly accepted values of 0.002360 
Hartree (6.197 kJ/mol) for the proton enthalpy and 0.001200 Hartree 
(3.146 kJ/mol) for the electron enthalpy [36]. 

2.5. Docking and ligand efficiency approach 

Computational modelling of the interaction of the lichen species with 
CYP1A2 (PDB Code: 2HI4) [37], CYP51 (PDB Code: 5FSA) [38], 
CYP2C9*2 (PDB Code: 6VLT) [39] and CYP134A1 (PDB Code: 7OW9) 
[40] proteins was performed, were downloaded from the Protein Data 
Bank [41]. AutoDock Vina (v1.0.2) [42] was used for all dockings in this 
study. The three-dimensional coordinates of all structures were opti
mized using MOPAC2016 [43] software by PM6-D3H4 semi-empirical 
method [44,45]. The ligand files were prepared using the Open Source 
Chemistry Toolbox, Open Babel suite [46]. The Mulliken partial atomic 
charges of each ligand were determined with the PM6-D3H4 semi-
empirical method; this approach introduces dispersion and 
hydrogen-bonded corrections to the PM6 method. All CYP proteins were 
treated with Schrödinger’s Protein Preparation Wizard [47]; polar 
hydrogen atoms were added, nonpolar hydrogen atoms were merged, 
and charges were assigned. Docking was treated as rigid and carried out 
using the empirical free energy function and the Lamarckian Genetic 
Algorithm provided by AutoDock Vina [48]. The grid map dimensions 
were 20 × 20 × 20 Å3, making the binding pocket of CYP1A2 the center 
coordinates 6.308, 21.274 and 21.356, the binding pocket of CYP51 was 
defined the centre coordinates 194.870, − 4.531 and 36.296, the binding 
pocket of CYP2C9*2 was defined the centre coordinates 35.058, 42.073 
and − 4.100, and the binding pocket of CYP134A1 was defined the 
centre coordinates − 18.056, − 4.676 and − 18.457. All other parameters 
were set as the default defined by AutoDock Vina. Dockings were 
repeated 50 times with space search exhaustiveness set to 100. The best 
interaction binding energy (kcal⋅mol− 1) was selected for evaluation. 
Docking results 3D representations were used Discovery Studio [49] 3.1 
(Accelrys, CA) molecular graphics system. Furthermore, the 
non-covalent interaction index (NCI) [50,51] was used to qualitatively 
identify the areas where intermolecular such as hydrogen bonds, steric 
repulsion, and Van der Waals interactions predominate in the structural 
protein-ligand. All calculations were performed with NCIPlot software 
and Molecular visualization of the systems was carried out with the VMD 
software package [52]. 

Ligand efficiency (LE) calculations were performed using one 
parameter Kd. The Kd parameter corresponds to the dissociation con
stant between a ligand/protein, and their value indicates the bond 
strength between the ligand/protein [53–55]. Kd calculations were done 
using the following equations: 

Kd = 10 ΔG0
2.303RT (1)  

where ΔG0 is the binding energy (kcal⋅mol− 1) obtained from docking 
experiments, R is the gas constant, and T is the temperature in Kelvin. 
The LE allows us to compare molecules according to their average 
binding energy [55,56]. Thus, it determined as the ratio of binding en
ergy per non-hydrogen atom, as follows [53–55,57]: 

LE = −
2.303RT

HAC
log(Kd) (2)  

where Kd is obtained from equation (1) and HAC denotes the heavy atom 

count (i.e., number of non-hydrogen atoms) in a ligand. Binding Effi
ciency Index (BEI), and Lipophilic Ligand Efficiency (LLE) are calculated 
based on the Kd obtained from molecular docking. BEI allows to estimate 
the binding capacity weighted by the molar mass (equation (3)), 
whereas LLE (equation (4)) estimates the binding capacity concerning 
its lipophilicity (clogP obtained from SwissADME webserver) [58,59]. 

BEI =
− log(Kd)

MW
(3)  

LLE = − log(Kd) − clogP (4)  

3. Results and discussion 

From methanolic extracts of lichen species and after repeated col
umn chromatography, the following compounds were isolated: meth
ylatrarate (1) and methyl haematommate (2) from Everniopsis trulla, 
lobaric acid (3) from Umbilicaria Antarctica; fumarprotocetraric acid (4) 
from Cladonia cariosa, Sphaerophorin (5)from Sphaerophorus globosus, 
subsphaeric acid (6) from Coelopogon epiphorellum, diffractaic acid (7) 
and salazinic acid (9) from Usnea barbata, and barbatolic acid (8) from 
Himantormia lugubris (Fig. 1). 

Cyclic voltammetry of every lichen extract shows irreversible 
oxidation attributable to the phenolic component present in structures 1 
to 9. In the case of methylatrarate (1) 1, two irreversible waves can be 
observed associated with second oxidation at a pH higher than 6.90. 
Toward pH values lower than 6.90, only one peak oxidation can be 
observed, where only one process is observed. Similar behavior is pre
sent for subsphaeric acid (6) and diffractaic acid (7). On the other hand, 
methylhaeatommate (2) showed only one oxidation process in all the pH 
ranges studied. 

Through cyclic voltamperograms experiments, linear regression 
equations between peak potential as pH function were constructed to 
understand the electrochemical behavior of these lichen substances and 
relate those results with the Nernst slope (0.059 V/n, where n = electron 
consumed for the electrochemical process), Table 1. The negative signs 
in the slope or gradient (m) values indicate that as the pH increases, the 
reduction potentials are moving to lower negative values, demonstrating 
that in all lichen molecules, the oxidation involves H+ protons and re
quires low oxidation energy at higher pH values. Those results are 
similar to other substances with antioxidant activity, such as poly
phenols and vitamins [60]. 

The electrochemistry measurements provide interesting results: li
chens molecules1-4 (Supporting Information Figs. S1 and S2)(Fig. 2) 
presented slopes close to the Nernst constant, 0.059 V/pH, indicating a 
2H+/2e− relation between protons and electrons. On the other hand, the 
5–9 systems with slopes between 0.037 V/pH and 0.032 V/pH indicated 
a 1H+/2e− relation between protons and electrons (Supporting Infor
mation Figs. S3–S7). These results show that the oxidation process of 
these lichen molecules is a process where H+ is released (Apak 2018). On 
the other hand, the shift of less positive potential values can improve the 
antioxidant activity in alkaline media of these substances because they 
require less energy to oxidize. An anodic peak current can be related to 
the antioxidant concentration from the extract [61]. In this report, all 
lichenic compounds showed near current values and, in some cases, 
greater than 100 μAA. 

Previous studies showed that the BDE value is an important 
descriptor in evaluating compounds’ antioxidant activity as it charac
terizes the ability to donate hydrogen radical and form a stable radical of 
the donor. According to this idea, the theoretical antioxidant activity of 
three natural compounds derived from lichens, such as atranorin (AT), 
evernico acid (EV), and diffractic acid (DF), have been carried out 
examining the main mechanisms for the antioxidant action of poly
phenols [31]. In this study, the hydrogen atom transfer (HAT) (Burton 
et al., 1985) and sequential proton loss electron transfer (SPLET) [25] 
mechanisms are the most conceivable for the antioxidant action of this 
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class of compounds. In a HAT mechanism, the BDE value predicts the 
susceptibility of the antioxidant molecule to donate a hydrogen atom 
and form a radical. So, a lower value of the O–H bond corresponds to a 
higher antioxidant capacity. The BDEs values for the phenolic ArO-H 
hydroxyl bonds are reported in Table 2 (Fig. 1). 

According with the results in Table 2, the 5 and 6 lichenic molecules 
have the lowest BDEs. Both systems have the same values due to they 
only differ in the length of the aliphatic chain, which is not involved in 
the direct antioxidant process. The high stability of these radical species 
is due to the presence of intramolecular hydrogen bonds formed be
tween the radical oxygen and the hydrogen atom of the carboxyl group 
located contiguous to the phenolic Ar-OH hydroxyl (see Fig. 3). More
over, 5 and 6 molecules presented anodic peak currents, higher than 
0.150 mA, and are oxidized to a potential greater than 0.4 V at pH values 
between 6.0 and 10.0 indicating a greater rate in the transfer of charge 
and high stability compared with the other lichenic substances. Simi
larly, these interactions are responsible to stabilize the 3, 4, 7, and 8 
radical systems. In the case of 9, the intramolecular hydrogen bond is 
formed between the radical oxygen and a hydroxyl group. These results 

indicate that a carboxylic acid group close to a phenolic hydroxyl plays 
an important role in the antioxidant mechanism, stabilizing the radical 
form. In the case of 1 and 2 lichenic molecules, both radicals are sta
bilized only by the electron density delocalization on the aromatic ring. 

For the second antioxidant mechanism analyzed, SETPT, a lower IE 
means a higher antioxidant activity. The ionization enthalpies (IE) and 
the proton dissociation enthalpies (PDE) for the phenolic hydroxyl 
bonds are presented in Table 3. 

According to the antioxidant activity of these molecules (Table 3), 
there are three groups: the first involves 1 and 7, with IEs values be
tween 122 and 123 kcal mol− 1; in the second group are 3, 5 and 6, with 
values of 127 kcal mol− 1 and finally the 2, 4, 8 and 9 systems, which 
have IE values between 130 and 132 kcal mol− 1. In the case of PDEs 
values, the radical molecules formed in the second step show values 
located between 247 and 260 kcal mol− 1, where 5 and 6 present the 
lowest values while 1, 7, and 8 have the highest. In general terms, all 
molecules are phenolic and there is no significant structural difference 
between them to explain the differences in the ionization enthalpies, so 
we can conclude that this mechanism is not the most adequate to explain 
the antioxidant activity of lichen substances studied. 

Finally, in the sequential proton loss electron transfer (SPLET) 
mechanism the antioxidant activity begins with the dissociation of acid 
and is characterized by the proton affinity (PA), consequently, a low 
value is characteristic of a higher antioxidant capacity. The antioxidant 
mechanism continues with the transfer of an electron to a free radical at 
a cost of electron transfer energy (ETEs). In Table 4 the PAs and PDEs for 
the phenolic hydroxyl bonds are presented. 

According to the results presented in Table 4, the 4, 5, and 6 mole
cules have the lowest PA values, from 271 to 273 kcal mol− 1. Moreover, 
according to the structural similarity of the lichenic molecules, the 3, 7, 
and 8 conformations can be associated with the same group. Just like the 
HAT mechanism, the most stable anionic species are formed from the 
phenolic hydroxyl groups that are close to an acid carboxylic group. In 

Fig. 1. Isolated compounds and analyzed in this work, indicate the H atoms.  

Table 1 
Linear regression equations, Epa(V) = a +mpH, for purified lichen substances as 
function of pH.   

Name Molecule a m R2 RSD 

1 Methylatrarate 0.952 - 0.069 − 0.98 0.039 
2 Methylhaeatommate 0.923 - 0.066 − 0.97 0.052 
3 Lobaric acid 0.988 - 0.058 − 0.99 0.013 
4 Fumarprotocetraric acid 0.879 - 0.051 − 0.97 0.040 
5 Sphaeroforin 0.791 - 0.037 − 0.99 0.015 
6 Subsphaeric acid 0.827 - 0.035 − 0.93 0.049 
7 Diffractaic acid 0.775 - 0.036 − 0.98 0.03 
8 Barbatolic acid 0.654 - 0.032 − 0.92 0.049 
9 Salazinic acid 0.868 - 0.032 − 0.99 0.009  
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the case of 9, the anionic species are stabilized by the presence of two 
hydrogen bonds formed with an aldehyde and a hydroxyl group. How
ever, the difference in ETEs, 139.8 vs 127.6 kcal mol− 1, show that the 
radical specie is more stable in the presence of the hydrogen bond 
formed with the other OH group. 

Finally, isosurfaces of the spin density for the lichens in the second 
step of the sequential proton loss electron transfer (SPLET) mechanism 
(Fig. 4), show that all molecules present an electron delocalization on 

the aromatic ring. 
All theoretical results indicate to 5 and 6 as lichenic substances with 

more antioxidant activity. Up to this point, the electrochemical study 
shows that the antioxidant capacity does not depend on the number of 
protons and electrons involved in the oxidation process and on the 
contrary is related to the stability and proton capacity (PA) that the 
theoretical and electrochemical studies up to this point coincide with 5 
and 6. 

To estimate and evaluate the affinity of the molecules for the CYPs 
isoforms, in order to form a highly stable complex, free energy calcu
lations were performed by molecular docking, and the ligand efficiency 
was determined for each of the lichenic compounds. The interaction of 
the lichenic compounds with CYPs could generate a decrease in the 
oxidative potential by inhibition of CYPs or by the activity of the lichenic 
compounds after being processed by the same CYPs. To evaluate the 
affinity for CYPs, the binding free energy of the lichenic compounds and 
four crystallized CYP isoforms was calculated (Fig. 5). As shown in 
Fig. 5, the binding free energy of less than − 4.0 kcal/mol was obtained 
for the CYP isoforms studied. However, CYP1A and CYP2C9*2 binding 
energy is lower than − 6.4 kcal mol− 1. 

To avoid over estimation due to the size of the molecules, LE was 
calculated. From these calculations it is observed that the compounds 
methylatrarate and methylhaeatommate have a high binding efficiency 
with CYP1A2, CYP51 and CYP2C9*2 (Fig. 6). In contrast, lobaric acid 
and fumarprotocetraric acid have high binding efficiency with CYP1A2, 
CYP51 and CYP2C9*2. The compound methylatrarate is the only one 
with a high affinity for the CYP134A1 isoform. 

CYP2C9 is one of the isoenzymes with the highest affinity for lichenic 
compounds and is responsible for the highest metabolic capacity of the 
CYP family [62]. To evaluate the affinity of lichenic compounds for this 

Fig. 2. Cyclic voltamperograms and linear regression as pH function for ethylhaeatommate (2) and lobaric acid (3).  

Table 2 
Calculated BDEs values for the phenolic Ar-OH hydroxyl bonds associated with 
the HAT mechanism.   

Lichen substances Ar-OH position BDE (kcal.mol− 1) 

1 Methylatrarate O1–H 89.5 
O2–H 92.8 

2 Methylhaeatommate O1–H 100.5 
O2–H 92.9 

3 Lobaric acid O1–H 92.9 
4 Fumarprotocetraric acid O1–H 93.4 

O2–H 100.6 
5 Sphaeroforin O1–H 90.1 

O2–H 85.6 
6 Subsphaeric acid O1–H 90.1 

O2–H 85.6 
7 Diffractaic acid O1–H 93.1 
8 Barbatolic acid O1–H 101.7 

O2–H 96.3 
O3–H 96.4 
O4–H 103.0 

9 Salazinic acid O1–H 104.7 
O2–H 92.6  
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enzyme, LE, BEI, and LLE were evaluated. As described for drugs used as 
therapy, LE should be greater than 0.3; BEI should be between 20 and 
27; and LLE between 5 and 7. As shown in Table 5, the compounds 
methylatrarate, methylhaeatommate, sphaeroforin, diffractaic acid, 
barbatolic acid, salazinic acid show a ligand efficiency greater than 0.3, 
consistent with a high affinity for CYP2C9*2. The affinity of the com
pounds methylatrarate and methylhaeatommate for CYP2C9*2 with a 
BEI value greater than 20, could show a high affinity for the enzyme. 
Given the amount of hydroxyl groups, the analyzed compounds LEE 
values less than 5, except for salazinic acid. However, as discussed, the 
LE and BEI values indicate that the tested compounds could bind to 
CYP2C9*2 which would allow to modify its activity or to be processed 
into compounds with different activity (see Table 6). 

To assess possible non-covalent interactions, NCI calculations were 
performed. As shown in Fig. 7 and Figs. S8–S15, lichen compounds 

exhibit weak interactions with CYP2C9*2 through hydrophobic or polar 
residues. The possible strong interactions, such as hydrogen bonds, of 
residues Leu362 with methylatrarate (Fig. 7) or Arg108 with sphaer
oforin (Fig. S11) are highlighted. Less specific interactions, given that the 
peptide bond participates, are those that are observed between residues 
Gly296 with diffractaic acid (Fig. S13), and Leu208 with lobaric acid 
(Fig. S9) or Sphaeroforin (Fig. S11). 

4. Conclusions 

The cyclic voltamperograms experiments showed that as the pH in
creases, all lichenic molecules’ reduction potentials are moving to lower 
negative values, demonstrating that the oxidation involved H+ protons. 
The compounds 1–4 presented slopes close to the Nernst constant, 
0.059/pH, indicating a 2H+/2e− relation between protons and 

Fig. 3. Most stable species and their stabilizing intramolecular hydrogen bonds.  

Table 3 
Calculated IEs and PDEs for the phenolic Ar-OH hydroxyl bonds associated to 
SETPT mechanism.   

Lichen substances IE (kcal. 
mol− 1) 

Ar-OH 
position 

PDE (kcal. 
mol− 1) 

1 Methylatrarate 122.3 O1–H 255.5 
O2–H 258.8 

2 Methylhaeatommate 130.3 O1–H 258.5 
O2–H 250.9 

3 Lobaric acid 127.2 O1–H 253.9 
4 Fumarprotocetraric 

acid 
129.9 O1–H 251.7 

258.9 O2–H 
5 Sphaeroforin 126.9 O1–H 251.5 

O2–H 247.0 
6 Subsphaeric acid 126.7 O1–H 251.8 

O2–H 247.2 
7 Diffractaic acid 123.4 O1–H 257.9 
8 Barbatolic acid 130.4 O1–H 259.5 

O2–H 254.1 
O3–H 254.2 
O4–H 260.8 

9 Salazinic acid 132.1 O1–H 260.9 
O2–H 248.8  

Table 4 
Calculated PAs and ETEs for the phenolic Ar-OH hydroxyl bonds associated with 
SETPT mechanism.   

Lichen substances Ar-OH 
position 

PAs (kcal. 
mol− 1) 

ETEs (kcal. 
mol− 1) 

1 Methylatrarate O1–H 287.4 115.5 
O2–H 296.1 110.1 

2 Methylhaeatommate O1–H 288.9 124.9 
O2–H 280.3 125.9 

3 Lobaric acid O1–H 290.3 115.9 
4 Fumarprotocetraric 

acid 
O1–H 273.2 133.5 
O2–H 285.3 128.7 

5 Sphaeroforin O1–H 286.9 116,6 
O2–H 271.4 127.6 

6 Subsphaeric acid O1–H 286.9 116,7 
O2–H 271.2 127.7 

7 Diffractaic acid O1–H 293.3 113.2 
8 Barbatolic acid O1–H 287.9 127.2 

O2–H 287.4 122.3 
O3–H 284.1 125.7 
O4–H 284.7 131.7 

9 Salazinic acid O1–H 278.3 139.8 
O2–H 278.3 127.6  
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electrons, while the 5–9 systems with slopes between 0.037 and 0.032/ 
pH indicated a 1H+/2e− link between protons and electrons. Those re
sults show the shift of less positive potential values with the increase of 

pH can improve the antioxidant activity of these substances because 
they require less energy to oxidize. The HAT and SPLET mechanisms 
showed that the best antioxidant activity is exhibit by molecules with a 
carboxylic acid group close to a phenolic hydroxyl group: 3, 4, 5, 6, 7, 
and 8. The computational simulations suggest that radical stability is 
favored by intramolecular hydrogen bonds formed between the phenolic 

Fig. 4. Spin density surfaces for the lichen molecules at the second step of the sequential proton loss electron transfer (SPLET) mechanism.  

Fig. 5. Heatmap of the intermolecular docking energy values (kcal⋅mol− 1) of 
lichen molecules. 

Fig. 6. Binary heatmap of the intermolecular docking energy values 
(kcal⋅mol− 1) of lichen molecules. 
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hydroxyl groups and the hydrogen of the carboxylic acid group. Finally, 
the experimental conditions used for cyclic voltammetry revealed that 
as the pH increases a declining in the redox potentials to lower negative 
values are presented. According to these conditions, the anionic forms 
are preferred, and the SPLET mechanism could be the most appropriate 
scheme for study the antioxidant behaviour of the lichens substances. 
The lichen substances could generate an antioxidant effect mediated by 
interaction with CYPs enzymes, mainly CYP1A2, CYP51 and CYP2C9*2 
isoforms. 
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Table 5 
Molecular docking results for lichen molecules in the CYP2C9*2. Intermolecular 
docking energy values (ΔEbinding), Kd values, Ligand Efficiency (LE), Binding 
Efficiency Index (BEI), and Lipophilic Ligand Efficiency (LLE) for the CYP2C9*2 
complexes.  

Docking and Ligand Efficiency Analysis 

Compound ΔEbinding 

(kcal⋅mol− 1) 
Kd LE 

(kcal⋅mol− 1) 
BEI 
(kDa) 

LLE 

CYP2C9*2 
Methylatrarate − 6.40 2.04 

×

10− 5 

0.46 23.91 3.19 

Methylhaeatommate − 6.50 1.72 
×

10− 5 

0.43 22.66 3.76 

Lobaric acid − 8.70 4.21 
×

10− 7 

0.26 13.97 0.85 

Fumarprotocetraric 
acid 

− 8.20 9.78 
×

10− 7 

0.24 12.72 3.78 

Sphaeroforin − 9.00 2.54 
×

10− 7 

0.30 15.84 1.75 

Subsphaeric acid − 8.10 1.16 
×

10− 6 

0.29 15.28 1.87 

Diffractaic acid − 9.00 2.54 
×

10− 7 

0.33 17.62 3.04 

Barbatolic acid − 8.60 4.98 
×

10− 7 

0.31 16.15 4.81 

Salazinic acid − 9.20 1.81 
×

10− 7 

0.33 17.36 5.55  

Table 6 
Amino acid residues of CYP2C9*2 protein and hydrogen bonding with the lichen 
molecules within a distance of 3.5 Å.  

Interacting Amino Acids in the Binding pocket of CYP2C9*2 

Compound Amino Acids H-bonds (Å) 

Methylatrarate Thr301, Ile205, Val113, Ala297, 
Leu362, Leu366, Heme 

Thr301:OG1– 
Lig:O (2.73) 

Methylhaeatommate Ala297, Thr301, Gly296, Ala297, 
Ile205, Heme 

Ala297:N–Lig: 
O (3.14) 
Thr301:OG1– 
Lig:O (3.00) 

Lobaric acid Arg108, Heme, Ala297, Gly296, 
Leu201, Ile205, Leu208, Leu233, 
Val237, Val113, Leu366 

Arg108:NH1– 
Lig:O (2.86) 
Arg108:NH1– 
Lig:O (2.83) 

Fumarprotocetraric 
acid 

Arg108, Val292, Phe476, Heme, 
Ala297, Gly296, Val113, Ile205, 
Leu361, Leu362, Phe114 

Arg108:NH1– 
Lig:O (2.81) 
Arg108:NH2– 
Lig:O (2.73) 

Sphaeroforin Ala103, Arg108, Phe114, Val113, 
Ala297, Leu208, Leu233, Val237, 
Leu102, Leu362, Leu366, Heme, Ala106 

Ala103:N–Lig: 
O (3.15) 
Arg108:NH1– 
Lig:O (2.88) 

Subsphaeric acid Thr301, Gly296, Ala106, Leu233, 
Phe114, Phe476, Ala297, Val237 

Thr301:OG1– 
Lig:H (2.50) 
Gly296:CA– 
Lig:O (3.35) 

Diffractaic acid Ala297, Phe476, Phe114, Gly296, 
Ala106, Arg108, Val237, Leu201, 
Ile205, Leu362, Leu366, Val113, 
Leu208 

Ala297:N–Lig: 
O (3.10) 

Barbatolic acid Arg108, Ala297, Phe114, Val113, 
Leu366, Leu208 

Arg108:NH1– 
Lig:O (3.17) 
Ala297:N–Lig: 
O (3.05) 

Salazinic acid Arg108, Leu201, Asp293, Phe476, 
Heme, Gly296, Ala297, Ile205, Leu361, 
Leu362 

Arg108:NH2– 
Lig:O (3.33) 
Leu201:O–Lig: 
H (2.22) 
Asp293:CA– 
Lig:O (3.40) 
Asp293:O–Lig: 
O (2.87)  

Fig. 7. Docking and NCI analysis for Methylatrarate bound to CYP2C9*2. The 
surrounding amino acid residues in the binding pocket of CYP2C9*2 within 3.0 
Å. The reason of 3.0 Å was the length of the hydrogen bond ranges from 2.6 Å to 
3.1 Å based on observation from the PDB. 
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