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a b s t r a c t 

In this study, guadiscine (G1) and guadiscidine (G2), 7,7-dimethylaporphine alkaloids from Guatteria 

friesiana , have they geometric paramaters, vibrational behavior and quantum chemical properties (HOMO- 

LUMO, MEP, ALIE and Fukui indices) analyzed through a theoretical view, by density functional theory 

(DFT), using the Becker’s three-parameter hybrid exchange functional combined with the Lee–Yang–Parr 

correlation functional (B3LYP) and 6–311G(2d,p) and 6–311G ++ (2df,3p) basis sets. The obtained geom- 

etry data were compared with x-ray data for ( −)- N -acetyl-anonaine, showing close values. Vibrational 

analysis, together with potential energy distribution (PED) calculations, revealed several characteristic vi- 

brations that characterize the 7,7 dimethylaporphine skeleton, besides enabling the observation of inter- 

molecular H-bonds through dimers formation. Molecular dynamic simulations were carried out, allowing 

to evaluate the solvation free energies of G1 and G2 in water, methanol and ethanol, as well as H-bonds 

formation between G1 and G2 and the tested solvents. The antineoplastic potential of the title molecules 

was evaluated via molecular docking calculations with topoisomerase I complexed with DNA. Guadiscine 

and guadiscidine showed, respectively, binding free energies of -8.0 and -8.5 kcal/mol, while topotecan, 

a DNA topoisomerase I inhibitor, showed a binding free energy value of -12 kcal/mol, indicating that the 

studied molecules are good topoisomerase I inhibitors. In vitro cytotoxicity assay with HepG2 cell line 

were performed, revealing significant antitumor potential for G2. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Aporphinoid alkaloids are a group of plant secondary metabo- 

ites that present many biological activities such as trypanocidal 

1] , antiinflamatory [2] , antifungal [3] , antioxidant [4] , cytotoxic 

 5 , 6 ] and antibactericidal [7] . A main source of such metabolites

s the Annonaceae family, in which the Guatteria genus is the 

argest one, with more than 300 species in neotropical distribu- 

ion and highest diversity on Amazonian region [8] . In this context, 

uadiscine (G1) and guadiscidine (G2) ( Fig. 1 ), 6,6a-dehydro-7,7- 

imethylaporphine alkaloids [9] , attract attention to be chemotax- 

nomic markers of Guatteria genus plants [10] , in which G1 exhibit 

ertain antimicrobial [ 11 , 12 ] and cytotoxic activities [10] . With re-
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ard to G2, its biological properties are unknown so far, and, for 

oth structures, their structural, vibrational and quantum chemical 

roperties had not yet been fully investigated. 

In this work, these two alkaloids, G1 and G2, previously isolated 

rom Guatteria friesiana [9] , were evaluated through a theoretical 

iew (geometry optimization, HOMO-LUMO, vibrational behavior, 

V-vis, Fukui functions, MEP and ALIE calculations) via density 

unctional theory (DFT) using 6–311G(2d, p) and 6–311G ++ (2df, 

p) basis sets, where the obtained data were compared to the 

xperimental ones, providing a more complete description of the 

roperties of these structures. In view of the evaluation of the sol- 

ation energies and the interactions between the alkaloids atoms 

nd solvent atoms, molecular dynamic simulations were carried 

ut. Furthermore, guided by cytotoxic properties presented by the 

osition 7-substituted aporphine alkaloids [13-17] , molecular dock- 

ng calculations were performed in front of topoisomerase I en- 

yme to evaluate their inhibition capacity. In vitro cytotoxicity as- 

https://doi.org/10.1016/j.molstruc.2020.129844
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2020.129844&domain=pdf
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Fig. 1. Structures of (a) G1 and (b) G2. 
ay with HepG2 cell line for G2 is also reported and compared to 

1. To the best of our knowledge, no theoretical molecular model- 

ng study that discusses the geometry, HOMO-LUMO energies, MEP 

nd ALIE surfaces, interaction with different solvents (by radial dis- 

ribution function analysis), solvation free energies and docking 

nalysis with topoisomerase I has been presented yet. 

. Methodology 

.1. Experimental details 

Pure samples of G1 and G2 alkaloids were provided by the Re- 

earch group on chemical studies of biomolecules (acronym in Por- 

uguese GEQBiom) of Federal University of Amazonas. The isolation 

ethods and structural elucidation by NMR spectroscopy were de- 

cribed in previous work [9] . However, as a proof, the NMR data 

f the studied molecules are found in the supplementary mate- 

ial (Fig S1–18). The FT-IR spectra of guadiscine (G1) and guadis- 

idine (G2) crystals were recorded on a Shimadzu IR Prestige-21 

pectrometer, and UV −Vis spectra were measured on an Agilent 

P 8453 spectrophotometer, with G1 and G2 crystals solubilized 

n methanol. 

.2. Computational methods 

.2.1. DFT calculations 

The theoretical calculations were performed using the Gaussian 

9 Program (Revision E.01) [18] via DFT approach using 6–311G(2d, 

) and 6–311G ++ (2df,3p) basis sets and the B3LYP hybrid func- 

ional (for geometry optimization, HOMO-LUMO energies, Fukui in- 

ices and IR spectra). Molecular electrostatic potential (MEP) and 

verage local ionization energy (ALIE) surfaces were generated us- 

ng the Multiwfn program [19] . The theoretical IR spectra were 

btained from the DFT intensities in combination with the cal- 

ulated vibrational wavenumbers, which were scaled by 0.96 (for 

requencies higher than 1800 cm 

−1 ) and 0.98 (for frequencies 

p to 1800 cm 

−1 ). No imaginary frequencies or negative eigenval- 

es were registered. The potential energy distribution (PED) was 

alculated with the help of VEDA4 software package [20] . The 

V spectra were calculated using the B3LYP functional with 6–

11G ++ (2df,3p) basis set in methanol via PCM/TD-DFT approach. 

.2.2. Molecular docking calculations 

Molecular docking calculations were performed with the help 

f AutoDock Vina software [21] . DNA topoisomerase I complex 

ith topotecan was achieved from Protein Data Bank (PDB) web- 

ite with PDB ID 1K4T [22] . The calculation protocol consisted in 

emoving water molecules and co-crystallized ligand (topotecan), 

asteiger charges were added, and a gridbox was centralized at 

he active site, with dimensions based on previous works [ 23 , 24 ].

he docking protocol was validated removing the co-crystallized 

opotecan and then docking at the same site with the proposed 

ridbox. The superimposition of the structures showed RMSD of 

.80 for the topoisomerase I inhibitor. RMSD values up to 2 Å are 

onsidered reliable for a docking protocol. 

.2.3. Molecular dynamic simulations 

For molecular dynamic (MD) calculations, all molecules were 

et up using the official CHARMM General Force Field (CGenFF) 

erver [25] , and the TIP3 model was used for water. CHARMM36 

orce field [26] , with the help of GROMACS package version 2019 

27] , was used in the simulations. Particle Mesh Ewald (PME) 

28] was used to calculate the long-range ionic interactions. The 

ovalent bonds in which hydrogen atoms are present were con- 

trained by LINCS (Linear Constraint Solver) [29] . For each system, 
2 
 50,0 0 0-step minimization was used followed by 125 ps equili- 

ration runs with 1 fs step size. The final step was the produc- 

ion of NTP (constant pressure/temperature) simulation at 300 K 

sing 2 fs time steps for 12 ns. The reference pressure (1 bar) was 

ontrolled using the Berendsen method [29] with a coupling ev- 

ry 2 ps. Temperature was controlled using the modified Berend- 

en thermostat [30] with coupling every 0.1 ps. The MD simula- 

ions consisted in putting one molecule in three different boxes 

ontaining approximately 1250 water molecules, 10 0 0 methanol 

olecules and 900 ethanol molecules. For both molecules, the 

rid box dimensions used were 35, 112 and 120 nm 

3 for water, 

ethanol and ethanol respectively. 

.3. In vitro cytotoxicity assay 

Human hepatocellular carcinoma (HepG2) cell line was ob- 

ained from the American Type Culture Collection (ATCC, Manas- 

as, VA, USA). Mycoplasma Stain Kit (Sigma-Aldrich) was used to 

est HepG2 cells for mycoplasma reassuring lack of contamination. 

ell viability was measured by alamar blue assay and performed as 

reviously reported [31] . Doxorrubicin was used as positive con- 

rol. The half-maximum inhibitory concentration (IC 50 ) and their 

espective 95% confidence intervals were calculated by non-linear 

egression using the GraphPad Prism (Intuitive Software for Sci- 

nce; San Diego, CA, USA). 

. Results 

.1. Geometry optimization 

The theoretical geometry optimization results of the stud- 

ed molecules G1 and G2 ( Fig. 1 ) calculated at DFT B3LYP/6–

11 G ++ (2df,3p) level of theory were compared with X-ray data 

f ( −)- N -acetyl-anonaine presented in literature [32] (see Table 1 ). 

oth molecules showed C1 symmetry with the most stable con- 

ormations showing electronic energy values of −1054.26079 and 

1014.94959 a.u. respectively. The RMSD (Root Mean Square Devi- 

tion) between the experimental reference data and the theoreti- 

al ones are 0.0150 and 0.0148 Å, for G1 and G2 respectively, in 

espect to the interatomic distances, and 3.2612 ̊ and 3.2645 ̊, re- 

pectively, for the bond angles. 

Geometry parameters of both structures indicates uniformity on 

ings A and D bond lengths, showing values around ~1.38 Å, ex- 

ept for the bonds C3a-C3b (1.39 Å for both structures) and C3b- 

1a (1.42 Å for both structures). Rings B (2,3 dihydropyridine) and 

 show non-uniformity in their geometry, fact that is justified by 

ifferent values for all bond lengths, being noteworthy N6-C6 (1.27 
˚ ), C4-C5 (1.52 Å), C3a-C4 (1.51 Å), C1a-C11a (1.47 Å) and C7- 

7a (1.53 Å). Concerning to the bond angles, in both structures, 

ings A and D showed uniformity, revealing values around ~122 ̊, 

xcept for the bond angles 116.6 ̊ (C2-C3-C3a), 114.7 ̊ (C3b-C1a- 

1), 119.3 ̊ (C11a-C7a-C8 for G1), 118.9 ̊ (C11a-C7a-C8 for G2) and 

18.5 ̊ (C11-C11a-C7a). Concerning to rings B and C, for both struc- 

ures, distortions in all angles were observed, such as 117.1 ̊ (C3b- 

3a-C4), 109.5 ̊ (C3a-C4-C5), 123.4 ̊ (N6-C6a-C3b), 119.8 ̊ (C3b-C1a- 
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Table 1 

Bonds lengths ( ̊A) and angles calculated for guadiscine and guadiscidine at DFT B3LYP/6–311G ++ (2df,3p) level of theory. 

Parameter Guadiscine Guadiscidine Experimental Parameter Guadiscine Guadiscidine Experimental 

Bond lengths 

( ̊A) [32] 

Bond angles 

( °) [32] 

C1-C2 1.387 1.387 1.394 C1a-C1-C2 122.52 122.52 122.8 

C2-C3 1.375 1.375 1.360 C1-C2-C3 122.84 122.83 122.0 

C3-C3a 1.397 1.397 1.410 C2-C3-C3a 116.59 116.61 177.4 

C3a-C3b 1.399 1.399 1.398 C3-C3a-C3b 120.77 120.77 120.3 

C3b-C1a 1.420 1.420 1.428 C3a-C3b-C1a 122.56 122.53 122.0 

C1-C1a 1.387 1.387 1.372 C3b-C1a-C1 114.67 114.70 115.2 

C3a-C4 1.506 1.506 1.514 C3b-C3a-C4 117.09 117.09 119.5 

C4-C5 1.525 1.525 1.505 C3a-C4-C5 109.47 109.47 110.0 

C5-N6 1.460 1.461 – C4-C5-N6 112.74 112.72 109.5 

N6-C6a 1.276 1.275 – C5-N6-C6a 117.55 117.53 116.0 

C3b-C6a 1.478 1.475 1.506 N6-C6a-C3b 123.44 123.46 112.2 

C6a-C7 1.530 1.531 1.525 C6a-C3b-C3a 117.92 117.89 122.8 

C7-C7a 1.533 1.532 1.502 C3b-C1a-C11a 119.81 119.81 120.2 

C7a-C11a 1.407 1.410 1.405 C1a-C3b-C6a 119.52 119.57 115.2 

C1a-C11a 1.470 1.470 1.485 C3b-C6a-C7 116.91 116.91 110.3 

C7a-C8 1.396 1.392 1.398 C6a-C7-C7a 110.18 110.09 109.6 

C8-C9 1.392 1.391 1.376 C7-C7a-C11a 120.61 120.69 120.0 

C9-C10 1.394 1.388 1.380 C7a-C11a-C1a 119.86 119.70 118.4 

C10-C11 1.379 1.383 1.380 C11a-C7a-C8 119.29 118.91 118.8 

C11-C11a 1.405 1.403 1.400 C7a-C8-C9 121.26 121.50 121.6 

C9-O 1.361 1.365 – C8-C9-C10 119.57 119.92 120.0 

RMSD 0.0150 0.0148 C9-C10-C11 119.54 119.10 119.7 

C10-C11-C11a 121.82 121.97 120.8 

C11-C11a-C7a 118.51 118.61 119.1 

RMSD 3.2612 3.2645 

Fig. 2. Frontier molecular orbitals of G1 (left) and G2 (right) using DFT approach. 
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11a), 110.2 ̊ (C6a-C7-C7a) and 120.6 ̊ (C7-C7a-C11a). Rings B and C 

resent conformations that resembles half-chair conformation due 

o the unsaturations, which can be verified by the dihedral angles 

alues −52.611 ̊ (C3a-C4-C5-N6) and 40.106 ̊ (C3b-C6a-C7-C7a) for 

1 and −52.65 ̊ (C3a-C4-C5-N6) and 40.20 ̊ (C3b-C6a-C7-C7a) for 

2. 

.2. Frontier orbitals analysis 

The highest occupied molecular orbitals (HOMO) and the 

owest-lying unoccupied molecular orbitals (LUMO), also called 

rontier molecular orbitals (FMOs), act as an essential part in quan- 

um chemistry calculations. These orbitals are an indispensable 

ool for the description of chemical behavior, such as charge trans- 

er, reaction pathways and molecular electronics [33-35] . The cal- 

ulated molecular orbitals (MOs) for G1 and G2 as well as the 

OMO/LUMO energy gaps are shown in Fig. 2 . 
3 
According to Janak theorem and Perdew et al. demonstration 

or a Z-electron system, εi = − IP ( Z − 1 < N < Z ) and εi = −
A ( Z < N < Z + 1), where εi is the corresponding KS orbital energy,

 is the ionization potential of the molecule, being I = -E HOMO , and

 is the electron affinity, being A = -E LUMO, it’s possible to calculate 

he very useful global reactivity parameters, hardness ( η), chemical 

otential ( μ), electronegativity ( χ ) and electrophilicity index ( ω), 

hich, based on Koopmans theorem for closed-shell molecules in 

artree-Fock approach, are given as [ 36,37 ]: 

μ = χ = −
(

∂E 

∂N 

)
V 

= 

−( I + A ) 

2 

= 

1 

2 

(
∂μ

∂N 

)
V 

= 

1 

2 

(
∂ 2 E 

∂ N 

2 

)
= 

( I − A ) 

2 

 = 

(
μ2 

2 η

)
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Fig. 3. Calculated MEP and ALIE surfaces for G1 and G2 at B3LYP/6–311G ++ (2df, 3p). 

Table 2 

Molecular properties calculated via DFT using 6–311G ++ (2df, 3p) 

basis set for G1 and G2. 

Quantum chemical parameters Guadiscine Guadiscidine 

E HOMO (e.V.) −5.73 −5.81 

E LUMO (e.V.) −1.43 −1.47 

�E HOMO-LUMO (e.V.) 4.30 4.34 

Chemical Potential ( μ) 3.58 3.64 

Hardness ( η) 2.15 2.17 

Electronegativity ( χ ) −3.58 −3.64 

Electrophilicity index ( ω) 2.98 3.05 
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However, it is important to emphasize that exchange- 

orrelation functionals are continuous approximations, which 

oes not provide accurate orbital energies. In molecular orbital 

heory approaches, small HOMO-LUMO gap indicates a soft 

olecule and reflects a more reactive molecule, whereas a large 

ap represents a hard and more stable molecule [38] . The elec- 

rophilicity index ( χ ) allows the classification as strong ( ω > 

.5 eV), poor ( ω < 0.8 eV) and moderate (intermediate values) 

lectrophile for a certain molecule [39-41] . The chemical potential 

easures the tendency of change transfer, since the system always 

ends to a lower chemical potential [41] . 
4 
Table 2 presents these parameters values calculated for G1 and 

2 molecules via DFT using B3LYP/6–311G ++ (2df, 3p) level. As 

een in Fig. 2 , the calculated HOMO, for both structures, comprises 

ings A and C and atom O3, while the calculated LUMO comprises 

lmost the entirely structures, with the exception of carbons 4, 5 

nd 12 and the methyl groups in position 7. The analysis of the ob- 

ained global reactivity values does not allow to affirm that one is 

ore reactive than the other, but both have similar reactivity and 

hus similar biological activity. However, comparing these hardness 

alues with the calculated ones for other know aporphine alka- 

oids that present biological activity, like liriodenine ( η= 1.81 eV) 

42] , 9-methoxyguatterfriesine ( n = 2.02 eV) and 4,5-dehydro-9- 

ethoxyguatterfriesine ( η= 1.88 eV) [14] , G1 and G2 can be classi- 

ed as soft molecules. The obtained electronegativity ( χ ) and elec- 

rophilicity index values ( ω) showed that both molecules can act as 

xcellent nucleophiles. 

.3. MEP and ALIE analysis 

The electrostatic potential is a powerful tool that provides in- 

ights into regions susceptible to interact with charged species, 

n studies of biological recognition, interactions between the 

ame molecules ( e.g. , forming dimers and clusters) or with other 

olecules and in the evaluation of drug molecules properties and 

heir analogs, being helpful in drug design [43] . As shown in Fig. 3 ,
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Fig. 4. Proposed dimers for G2. 
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1 MEP showed negative regions over ring D ( −0.023 a.u.), N6 

 −0.042 a.u.), O1 ( −0.022 a.u.) and O3 ( −0.027 a.u.) atoms. Posi- 

ive potentials were registered over CH 2 (0.025 a.u.) and over CH 3 

onded to O3 atom (0.019 a.u.). G2 presents its most positive re- 

ion over hydrogen atom of OH group (0.058 a.u.) and over CH 2 

roup of the five-membered ring (0.026 a.u.). The most negative 

otential regions occur over N6 ( −0.040 a.u.), O3 ( −0.031 a.u.) and 

1 ( −0.020 a.u.) atoms and over ring D ( −0.020 a.u.). 

Average local ionization energy (ALIE) surfaces reports electron 

ithdrawing energy values over the molecular surface, helping in 

he prediction of sites prone to receive electrophilic attack. The 

nalysis of these surfaces is quite simple, red zones indicate re- 

ions where electrons are easier to remove, while blue regions in- 

icates zones which the electron’s removal requires great amount 

f energy [44] . For both molecules, ALIE surface analysis reveals 

hat regions over rings A and D are more prone to suffer elec- 

rophilic attacks (0.32 a.u.), while oxygen atoms showed higher 

alues (~0.40 a.u.), indicating that they are more prone to interact 

lectrostatically with positively charged species than suffer elec- 

rophilic attacks (O3 atom of G2 showed a lower value in relation 

o the O3 atom of G1). The basicity of N6 atom was confirmed in

oth structures, which is verified by the low energy value (0.33 

.u.) over N6 in ALIE surfaces, indicating that N6 electron pair are 

ess tightly-held to the nucleus. However, it should be noted that 

he region over the double bond has a higher average energy (0.40 

.u.), indicating resonance of the group N6 = C6a with ring A, sug- 

esting these alkaloids to be mildly basic. 

Guided by the opposite potentials, dimers were proposed for 

2, as depicted in Fig. 4 . The stability of the proposed dimers 

ere evaluated by �E (interaction energy value), defined as �E = 

 DIMER − 2 E M ONOM ER , where the obtained values were −11.10 and 

6.11 kcal/mol for dimers I and II, respectively, at B3LYP/6–

11G(2d, p). Applying the counterpoise correction, the corrected 

E values were −8.28 and −3.40 kcal/mol, respectively, revealing 

tability for the proposed dimers in gas phase. 

.4. Fukui function 

Fukui function is commonly used in quantum-mechanics calcu- 

ations to investigate local reactivity on molecular systems, helping 

n predict sites prone to suffer nucleophilic , electrophilic or radical 

ttack. The Fukui function was defined by Parr and Yang in 1984 as 

45] : 

f ( r ) = 

[
δ2 E 

δv ( r ) ∂N 

]
= 

(
∂ρ( r ) 

∂N 

)
v 

Due to the fact that ρ(r) , as a function of N, like E(N), has

lope discontinuities, this definition provides three local reaction 

escriptors (LRD), governing nucleophilic ( f + ), electrophilic ( f −) 

nd radical ( f 0 ) attacks, defined as: 

f −( r ) = ρN ( r ) − ρN−1 ( r ) 
f + ( r ) = ρN+1 ( r ) − ρN ( r ) 
f 0 ( r ) = 

1 [ ρN+1 ( r ) − ρN−1 ( r ) ] 
2 

5 
here ρN + 1 ( r ), ρN ( r ) and ρN–1( r ) correspond to the electronic

ensity of the anion, neutral and cationic chemical species respec- 

ively. 

Due to the discontinuity of f (r) , Yang and Mortier [46- 

9] demonstrated a simple procedure to calculate Fukui indices 

ondensed to individual atoms in a molecule: 

f k 
−
( r ) = q k ( N − 1 ) − q k ( N ) 

f k 
+ 
( r ) = q k ( N ) − q k ( N + 1 ) 

f k 
0 
( r ) = 

1 
2 [ q k ( N − 1 ) − q k ( N + 1 ) ] 

here q is the net charge on the k- th atom whose nuclear charge 

s Z K on the k -th atom in the neutral ( N ), anionic ( N + 1) or

ationic ( N -1) chemical species. 

Another important LRD is the dual descriptor f 2 (r) , proposed 

y Morell et al. [50] , which describes both nucleophilic and elec- 

rophilic sites of a molecule, defined as: 

f 2 ( r ) = 

(
∂ 2 ρ( r ) 

∂ N 

2 

)
v 

= 

(
∂ f ( r ) 

∂N 

)
v 

= 

[
δη

δv ( r ) 

]
N 

The difference between nucleophilic and electrophilic Fukui in- 

ices leads to an approximation for f 2 (r) , which is: 

f 2 ( r ) ≈ f + ( r ) − f −( r ) = ρN+1 ( r ) − 2 ρN + ρN−1 

The dual descriptor allows obtaining simultaneously the prefer- 

ble sites for nucleophilic attacks ( f 2 (r) > 0) and electrophilic at- 

acks ( f 2 (r) < 0) on the molecular system, being more reliable for 

redicting the reactive sites, since f 2 (r) discards ambiguities [51] . 

Fig. 5 shows the calculated Fukui indices surfaces for G1 and G2 

t the B3LYP/6–311G(2d, p) level. In the case of a nucleophilic at- 

ack, both molecules exhibit prone reactive sites on C2, C3, N6, C7a, 

9 atoms and on C3-C6a, C1-C11a double bonds. Regions suscep- 

ible to electrophilic attacks are located on rings A and C, specifi- 

ally on C1a = C1, C11a = C7a and C10 = C4 double bonds and O1, C3,

3 and C3a atoms. Concerning to the f 0 (r) descriptor, the most 

eactive sites in face of a free radical attack are on C1, C10, O11, 

18, O20 atoms and C2 = C6 and C3 = C4 bonds. In Fig. 6 , the cal-

ulated f 2 (r) isosurfaces reveals that C1a atom is predominantly 

lectrophilic due to the positive isovalue in both structures. Also, 

onfirmed that N6, C6a, C2 atoms are electrophilic centers, while 

1, C11a and O3 atoms are predominantly nucleophilic. Table 3 

ummarizes the condensed atomic Fukui function approximation, 

sing NBO charges (Natural population analysis). The condensed 

tomic approximation values reveals, for both molecules, that N6a 

as the highest f + k value, followed by C2, C1a, C6a and C9 atoms, 

hile C1 atom shows the highest f −k value, followed by C11a, C9, 

3, O2 and C3a atoms. f 2 k descriptor shows that C2 and C6a atom 

resents the highest values, followed by C1a and N6 atoms, being 

lectrophilic centers, while C1 and C11a atoms present the low- 

st values, followed by O3 and C3a atoms, thus, being nucleophilic 

enters. C9 atom, which showed highest values for both f + k and 

f −k descriptors, presented a practically null f 2 k value. These re- 

ults justify the follow experimental observations: that G1 is ob- 

ained from G2 through an O-methylation, which preferably occurs 
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Fig. 5. Nucleophilic ( f + ), electrophilic ( f −) and radical ( f 0 ) Fukui functions surfaces generated at isovalue 0.0035 a.u., via DFT B3LYP/6–311 G (2d, p) level of theory, for 

guadiscine (G1) and guadiscidine (G2). 

Table 3 

Values of the Fukui indices considering Natural Population analysis (NPA). 

Guadiscine (G1) 

Atom q k ( N + 1 ) q k (N) q k ( N − 1 ) f + k f −k f 2 k f 0 k 

C1 0.269 0.269 0.354 0.001 0.085 −0.085 0.043 

C2 0.213 0.297 0.300 0.084 0.003 0.081 0.044 

C3 −0.320 −0.261 −0.214 0.059 0.047 0.012 0.053 

C3a 0.013 0.026 0.091 0.013 0.065 −0.052 0.039 

C3b −0.166 −0.115 −0.110 0.051 0.005 0.046 0.028 

C1a −0.132 −0.050 −0.042 0.082 0.008 0.074 0.045 

O1 −0.564 −0.534 −0.494 0.030 0.040 −0.010 0.035 

O2 −0.567 −0.552 −0.486 0.015 0.066 −0.051 0.041 

C6a 0.245 0.306 0.288 0.061 −0.018 0.079 0.022 

C11a −0.091 −0.092 −0.008 −0.001 0.084 −0.085 0.042 

N6 −0.588 −0.481 −0.433 0.107 0.048 0.059 0.077 

C7a −0.024 0.036 0.080 0.060 0.044 0.016 0.052 

C8 −0.301 −0.300 −0.273 0.001 0.027 −0.026 0.014 

C9 0.279 0.351 0.419 0.072 0.068 0.004 0.070 

C10 −0.275 −0.243 −0.194 0.032 0.049 −0.017 0.041 

C11 −0.172 −0.153 −0.146 0.019 0.007 0.012 0.013 

O3 −0.546 −0.528 −0.454 0.018 0.074 −0.056 0.046 

Guadiscidine (G2) 

Atom q k ( N + 1 ) q k (N) q k ( N − 1 ) f + k f −k f 2 k f 0 k 

C1 0.270 0.269 0.373 −0.001 0.104 −0.105 0.052 

C2 0.211 0.298 0.305 0.087 0.007 0.080 0.047 

C3 −0.319 −0.260 −0.222 0.059 0.038 0.021 0.048 

C3a 0.012 0.025 0.103 0.013 0.078 −0.065 0.046 

C3b −0.166 −0.115 −0.109 0.051 0.006 0.045 0.028 

C1a −0.133 −0.050 −0.039 0.083 0.011 0.072 0.047 

O1 −0.564 −0.534 −0.487 0.030 0.047 −0.017 0.038 

O2 −0.567 −0.551 −0.478 0.016 0.073 −0.057 0.045 

C6a 0.241 0.305 0.289 0.064 −0.016 0.080 0.024 

C11a −0.092 −0.093 −0.019 −0.001 0.074 −0.075 0.036 

N6 −0.590 −0.480 −0.429 0.110 0.051 0.059 0.081 

C7a −0.019 0.034 0.075 0.053 0.041 0.012 0.047 

C8 −0.293 −0.290 −0.265 0.003 0.025 −0.022 0.014 

C9 0.295 0.360 0.425 0.065 0.065 0.001 0.065 

C10 −0.285 −0.256 −0.214 0.029 0.042 −0.013 0.035 

C11 −0.172 −0.149 −0.136 0.023 0.013 0.010 0.018 

O3 −0.706 −0.677 −0.609 0.029 0.068 −0.039 0.0485 

6 
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Fig. 6. Dual descriptor ( f 2 ) surfaces generated at isovalue 0.0035 a.u., via DFT 

B3LYP/6–311 G (2d, p) level of theory, for guadiscine (G1) and guadiscidine (G2). 

Dual descriptor is a biphasic function, the positive phase (magenta lobes) indicates 

electrophilic centers and the negative phase (light green lobes) indicates nucle- 

ophilic centers. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.) 
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n G2’s O3 atom [52] ; 6,6a-dihydrodemethoxy-aporphine alka- 

oids could be obtained from G1/G2 through imine reduction using 

otassium borohydride [53] , where a hydride is transferred to the 

arbon of the C6a = N6 double bond. This is the case of ( R ) −6,6a-

ihydro-9-methoxyguatterfriesine, 6,6adihydroguatterioliscine and 

,6a-dihydrodemethoxy-guadiscine alkaloids, which seems to be 

btained from G1/G2 through imine reduction by NADPH [ 54 , 55 ]. 

.5. IR analysis 

Tables S1 and S2 show the experimental and theoretical 

avenumbers obtained for structures G1 and G2 at B3LYP/6–

11 G (2d, p) along with potential energy distribution values (PED), 

here a scale factor of 0.96 was used for theoretical frequencies 

elow 1800 cm 

−1 , and 0.98 for theoretical frequencies above 1800 

m 

−1 . The comparison between the experimental and calculated 

R spectra are shown in Figs. 7 and 8 . The differences between 

he theoretical and experimental spectra occur due the fact that 
ig. 7. Comparison between theoretical and experimental infrared spectra of G1. (For inte

he web version of this article.) 

7 
heoretical DFT calculations are made in the gas phase, while ex- 

erimentally, the molecules are in solid state. Also, anharmonic 

ibrations occur in experimental spectra. The assignment of the 

xperimental bands of G1 showed that modes in the 30 0 0–280 0 

m 

−1 region are related to H 

–C stretching (bands at 2925 and 

849 cm 

−1 that corresponds to the theoretical scaled wavenum- 

ers 2920.42 and 2860.53 cm 

−1 ) of ring B and methyl group C14. 

ands in the 170 0–10 0 0 cm 

−1 region were related to stretching of 

6 = C6a (band at 1635cm 

−1 that corresponds to calculated theo- 

etical scaled wavenumber 1649.77 cm 

−1 ), C 

= C groups on rings A 

nd C (bands at 1608, 1573, 1511 and 1282 cm 

−1 that correspond 

o the theoretical scaled wavenumbers 1603.64, 1572.82, 1511.19 

nd 1279.79 cm 

−1 ), bending vibration modes of H 

–C—H (bands 

t 1511, 1459, 1442, 1380 and 1186 cm 

−1 that correspond to the 

heoretical scaled wavenumbers 1511.19, 1459.54, 1446.58, 1390.34 

nd 1186.96 cm 

−1 ) and H 

–C—C groups (bands at 1312, 1250 and 

229 cm 

−1 corresponding to the theoretical scaled wavenumbers 

t 1308.4 4, 1248.4 4 and 1228.51 cm 

−1 ) and torsion modes of H 

–C—

 

–C groups (band at 1186 cm 

−1 that assigned to the theoretical 

avenumber 1186.96 cm 

−1 ). Bands between 10 0 0–70 0 cm 

−1 are 

ostly related to O 

–C stretching (dioxomethylene portion), H 

–C—

 

–C torsion and C 

= C stretching. 

For structure G2, the IR analysis showed that modes in the 

60 0–280 0 cm 

−1 region are related to O 

–H stretching (band at 

422 cm 

−1 that corresponds to the theoretical scaled wavenum- 

er 3669 cm 

−1 ) and H 

–C stretching, mainly of ring B and methyl

roups C14 and C13 (bands at 2960, 2922 and 2849 cm 

−1 that 

orrespond to the theoretical wavenumbers 2971.40, 2921.09 and 

860.82 cm 

−1 ). Bands in the 1700- 1000 cm 

−1 region were as- 

igned to the stretching of N6 = C6a (band at 1636cm 

−1 that cor- 

esponds to calculated theoretical scaled wavenumber 1650.48 

m 

−1 ), C 

= C groups on ring A (bands at 1599 and 1383 cm 

−1 

hat corresponds to the theoretical scaled wavenumbers 1600.27 

nd 1369.55 cm 

−1 ), bending vibration modes of H 

–C—H (bands at 

513, 1460, and 1399cm 

−1 that correspond to the theoretical scaled 

avenumbers 1519.22, 1462.43 and 1390.92 cm 

−1 ), H 

–C—C (bands 

t 1336, 1249 and 1226 cm 

−1 , that correspond to the theoretical 

caled wavenumbers at 1328.82, 1253.82 and 1228.21 cm 

−1 ) and 

 

–O—C groups (band at 1336 cm 

−1 , assigned to the theoretical 

avenumber 1328.82 cm 

−1 ), C 

= C stretching (bands at 1420, 1336 
rpretation of the references to colour in this figure legend, the reader is referred to 
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Fig. 8. Comparison between theoretical and experimental infrared spectra of G2. (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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nd 1286 cm 

−1 , which correspond to the theoretical wavenum- 

ers 1418.86, 1328.82 and 1291.55 cm 

−1 ) and O 

–C stretching vibra- 

ion modes (band at 1049 cm 

-1 which corresponds to the theoret- 

cal wavenumber 1051.23 cm 

−1 ). Bands between 10 0 0–70 0 cm 

−1 

re mainly related to O 

–C stretching and O 

–C—O bending of diox- 

methylene portion and H 

–C—C 

–C torsions. 

In the 360 0–320 0 cm 

−1 region, the theoretical wavenumber re- 

ated to OH stretching is very different than the experimental band 

t 3422 cm 

−1 , indicating dimer formation. The analysis of the cal- 

ulated vibrational modes for the proposed dimers (see Fig. 4 ) 

id not reveal any significant differences up to 1700 cm 

−1 when 

ompared to monomer, however, in the 360 0–320 0 cm 

−1 region, 

he values assigned to O3–H stretching in dimer II shows to be 

loser to the experimental band at 3422 cm 

−1 (theoretical scaled 

avenumbers at 3566.89 cm 

−1 for dimer II and 3668.81 cm 

−1 for 

he monomer), implying that the intermolecular H-bond O3-H—O1 

ccur. For dimer I, the O3-H stretching, involved in the intermolec- 

lar H-bond O3-H—N6, occur at 3152.75 cm 

−1 , far from the exper- 

mental band at 3422 cm 

−1 , but close to the experimental band at 

220 cm 

−1 (small band). 

.6. UV-Vis analysis 

The comparison between the UV-Vis spectra of guadiscine 

G1) and guadiscidine (G2) in methanol solution and the calcu- 

ated ones at TD-DFT using B3LYP/6–311G ++ (2df, 3p) basis set, 

n methanol (PCM model), are shown in Figs. 9 and 10 . Also, 

he computed UV-Vis electronic absorption wavelengths, oscilla- 

or strengths, excitation energies, and major contributions for elec- 

ronic transitions are listed in Table 4 . The experimental spec- 

rum of structure G1 presented bands at 204, 230, 264, 302, 318, 
8 
39 and 350 nm, while the theoretical spectrum showed expres- 

ive electronic transitions at 218.32 (oscillator strength f = 0.0518), 

32.62 ( f = 0.0460), 267.25 ( f = 0.2361), 276.2 ( f = 0.2833), 317.8

 f = 0.1395) and 339.32 nm ( f = 0.1944). Major contributions 

egistered for the theoretical bands were H-3 → L + 1 (47%) 

or 218.32 nm, H → L + 5(65.4%) for 232.62 nm, H → L + 2 

50%) for 267.25 nm, H-1 → L + 1(75.4%) for 276.2 nm, H-1 → 

 (94%) for 317.8 nm and H → L (91.6%) for 339 nm (see Fig- 

re S19). For G2 molecule, the experimental spectrum showed 

ands at 206, 230, 266, 304, 318, 342, 352 nm. The theoreti- 

al spectrum revealed expressive electronic transitions at 216.87 

oscillator strength f = 0.0826), 230.40 nm ( f = 0.0426 nm), 

64.35 nm ( f = 0.2158), 276.05 ( f = 0.2589), 315.56 ( f = 0.1532)

nd 336.38 nm ( f = 0.1679), which showed as major contribu- 

ions the transitions H-1 → L + 6 (41%) for 216.87 nm, H-4 → L 

73.95%) for 230.40 nm, H → L + 2 (52%) for 264.35, H-1 → L + 1

71.6%) for 276.05, H-1 → L (93.3%) for 315.56 and H → L (89.5%) 

or 336.38 nm (see Figure S20). The analysis of the transitions, re- 

eals, for both alkaloids, that the UV-Vis bands correspond to the 

um of the n → π ∗ and π→ π ∗ transitions involving rings A and D 

nd imine group. 

.7. Molecular docking studies 

Guided by the fact that DNA topoisomerases play a key role 

n DNA topology, such as promoting transient double-strand DNA 

leavage, supercoils relaxation and decatenation process, their in- 

ibition is an important factor for the development of chemother- 

peutic drugs [56-58] . Also, some articles show that aporphine al- 

aloids present great antitumor activity [ 1 , 2 , 10 , 14 , 16 , 17 ], being the

rapping of DNA topoisomerase II (DNA-TOPO II) cleavage complex 
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Fig. 9. Comparison between experimental and theoretical UV at B3LYP/6–311G ++ (2df, 3p) spectra of G1 in methanol. (For theoretical spectrum, the UV-Vis peak presents 

a half-width at a half-weight value of 0.19 eV). 

Fig. 10. Comparison between experimental and theoretical UV at B3LYP/6–311G ++ (2df, 3p) spectra of G2 in methanol. (For theoretical spectrum, the UV-Vis peak presents 

a half-width at a half-weight value of 0.19 eV). 

Table 4 

Experimental and calculated UV–Vis at B3LYP/6–311G ++ (2df, 3p). spectroscopic parameters in methanol of G1 and G2 molecules. 

Experimental λ (nm) Theoretical λ (nm) Oscillator strengths Excitation energies (eV) Major contributions 

G1 

204 218.32 0.0518 5.6726 H-3 → L + 1 (46%) + H → L + 8 (19.8%) 

230 232.62 0.0460 5.3298 H → L + 5 (65.4%) + H → L + 4 (14.21%) 

264 267.25 0.2361 4.6392 H → L + 2 (49.5%) + H → L + 1 (16.12%) + H -3 → L (16.13%) 

302 276.20 0.2833 4.4889 H-1 → L + 1 (75.48%) 

318 317.80 0.1395 3.9013 H-1 → L (94.1%) 

339 339.92 0.1944 3.6539 H → L (91.6%) 

350 - - - - 

G2 

206 216.87 0.0826 5.7171 H-1 → L + 6 (40.97%) + H -3 → L + 1 (19.2%) 

230 230.40 0.0426 5.3812 H-4 → L (73.95%) 

266 264.35 0.2158 4.6901 H → L + 2 (51.96%) 

304 276.05 0.2589 4.4914 H-3 → L + 1 (46%) + H → L + 8 (19.8%) 

318 315.56 0.1532 3.9291 H-1 → L (93.3%) 

342 336.38 0.1679 3.6858 H → L (89.46%) 

352 - - - - 
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 possible mechanism of action [ 14 , 59 , 60 ]. In this context, aiming

o analyze the inhibitory potential of these alkaloids against the 

NA topoisomerase I (DNA-TOPO I) complex, docking calculations 

ere carried out. 

Ligand-protein calculations revealed that G1 and G2 showed 

inding energy values of −8.0 and −8.5 kcal/mol respectively, 

hile topotecan (know inhibitor of DNA-TOPO-I complex) presents 

 binding energy equal to −12.3 kcal/mol ( Figs. 11 a and b). Bid-

ng mode analysis showed that G1 (guadiscine) complexed with 

NA-TOPO-I in the cleavage site by π- π interactions with the base 

airs DA 113, DC 112 and TGP 11 ( Fig. 11 c). Despite the highest

inding energy compared to topotecan, the binding modes analy- 

is reveals that rings A and C and dioxomethylene group promote 

 good interaction with the base pairs, also, the dioxomethylene 
9 
roup allows the formation of a week C 

–H—O interaction with dex- 

rybose of DA 113. For G2, the presence of a hydroxyl group in 

osition 9 changes the docking pose in the pocket site in relation 

o G1. Binding modes revealed π- π interactions with DA 113 and 

C 112 base pairs, N 

–H—π interaction between DA 113 and diox- 

methylene and ring A , alkyl- π interaction between DC 112 and 

ethyl group, and weak C 

–H—O hydrogen bond between C5-H and 

yr 426 ( Fig. 11 d). 

.8. Molecular dynamic simulations 

.8.1. Solvation free energy calculations 

The solvation free energy, or hydration free energy (if the sol- 

ent is water) is of great use in the material, biological and phar- 
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Fig. 11. Docking simulations of G1 (guadiscine) and G2 (guadiscidine) in the DNA-TOPO-I complexes active sites: Superimposition of the docked G1 (magenta) and co- 

crystallized structure of topotecan (green) (a); Superimposition of the docked G2 (pink) and co-crystallized structure of amsacrine (green) (b); G1-DNA-TOPO I complex 

interactions (c); G2-DNA-TOPO II complex interactions (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 
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aceutical sciences. In pharmacology, the solvation free energy 

as its importance because directly affects the bioactivity of a 

uch compound, since the bioorganic processes occur in aqueous 

edium [61] . Also, in case of naturally occurring bioactive com- 

ounds, the determination of solvation free energy is very impor- 

ant in the initial stage of drug discovery, due to the fact that the 

xtraction process depends on the compound’s solubility. 

The solvation free energy of the molecules was calculated using 

he methodology for hydration-free energy calculations developed 

y Klimovich et al. [62] . In this method is calculated the solva- 

ion free energy by modifying the solute molecule in each of its 

nvironments, through the calculation of the free energy of turn- 

ng off the solute’s non-bonded interactions with its environment 

called decoupling), in a series of steps by introducing a param- 

ter λ, which modulates the potential energy of the system. The 

G solvation is obtained by a thermodynamic cycle consisted in four 

arts: (a) a molecule present alone in the gas phase interacting 

ith the surround molecules, (b) the molecule again alone non- 

nteracting with the gas phase molecules, (c) the molecule in a box 

f water but not interacting with the surrounding water, (d) the 

ame molecule in a box of water interacting with the surround- 

ng molecules, where the pathway is a → b → c → d. However, the 

ntermolecular interactions of the gas phase were not calculated, 

s the calculation occur in vacuum. As a result, the free energy 

hange is broken down into two components, the van der Waals 

 �G vdW 

) and Coulombic ( �G Coul ) contributions of the decoupling 

rocess, being �G solvation = �G vdW+ �G Coul. For the simulations, 

ultistate Bennett Acceptance Ratio (MBAR) was used to calculate 

he free energies for each perturbation. The solvation free energy 

esults for the tested solvents (water, methanol and ethanol), as 

ell as their Coulomb and van der Waals contributions, are shown 

n Fig. 12 with their corresponding error estimates. 

For the studied molecules, it’s observed that the solvation free 

nergies present negative values for all the tested solvents, where 
a

10 
he magnitude of the solvation-free energy is described in the 

rder water < methanol < ethanol, thus, indicating that the solutes 

re more soluble in ethanol and methanol than in water. The 

G Coul values shows, for both molecules, that in water the free en- 

rgy change is slightly more favorable . The van der Waals effects 

 �G vdW 

) revealed to be more favorable in ethanol and methanol 

han in water, but in a higher magnitude, indicating that the van 

er Waals effect is the determining factor for the greater solva- 

ion of these molecules in methanol and ethanol. Comparing the 

wo molecules, guadiscidine (G2) shows greater solvation in all the 

ested solvents, a fact that is justified by the presence of the OH 

roup, which allows the formation of more H-bonds with the sol- 

ents. Moroever, the –OCH 3 group of guadiscine (G1) allows the 

ormation of H-bonds with the solvents too. To better understand 

he interactions between the studied molecules and the solvents 

t’s necessary to appeal to radial distribution function calculations 

see next section). 

.8.2. Radial distribution function analysis 

Radial distribution function, g(r) , describes how the density of 

he surrounding solvent molecules varies as a function of a distinct 

oint in the molecule, considering the forces that they exert on 

ach other. Fig. 13 shows the most relevant solute-solvent radial 

istribution function of the interaction between oxygen, nitrogen 

nd hydrogen ( G2 hydroxyl group only) atoms of each molecule 

ith the hydrogen and oxygen atoms of each tested solvent (wa- 

er, methanol and ethanol). For atoms that play a similar role (such 

s water hydrogen atoms), only one was used as reference for the 

alculation and not the average g(r) of each, since the average rela- 

ive deviation from the average g(r ) of similar atoms was less than 

%. 

Concerning to the solute-solvent interaction between the stud- 

ed alkaloids and water ( Fig. 13 a-b), the N—H and O—H distances 

re well established for distances at 2 Å, highlighting the inter- 
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Fig. 12. Total solvation free energy with the contributions of Coulomb and van der Waals interactions and the associated margin of error for the analyzed molecules. 

Fig. 13. Solute-solvent radial distribution function of the interaction between selected atoms of the studied molecules and solvents: water and G1(a) and G2 (b) atoms; 

methanol and G1 (c) and G2 (d) atoms; ethanol and G1(e) and G2 (f) atoms. 

11 
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ction between G2’ H3 atom and water oxygen ( Fig. 13 b), which 

howed the highest peak, g(r) value around 1.75, indicating a sta- 

le intermolecular H-bond. Both alkaloids showed expressive peaks 

or the interaction between nitrogen and water hydrogen, how- 

ver, the g(r) value around 1.15 reveals a moderate concentration 

f water hydrogen around the nitrogen atom, indicating moderate 

lectrostatic interaction, justifying the moderate basicity of these 

tructures. In MEP and ALIE analysis, was showed that the nitro- 

en electron pair is less tightly-held to the nucleus, however, the 

resence of two methyl groups (hydrophobic) in position 7 pre- 

ent the formation of higher coordination shells, justifying the g(r) 

esults (see section 3.3). Also, for both structures, a weak H-bond 

as registered between O3 atom and hydrogen water atom at 2 Å, 

ith peak height around 0.8, which is justified by the fact that this 

tom acts as an electron donor of ring A, presenting low electron 

ensity, and, therefore, not acting as a good H-bond receptor. 

For the solute-solvent interaction between the aporphine al- 

aloids and methanol ( Fig. 13 c-d), the N—H and O—H distances 

howed high peaks at 2 Å, highlighting the interactions between 

2 H3 atom and methanol hydrogen and between G2 nitrogen 

tom and methanol hydrogen, which showed the highest peaks 

 Fig. 13 d). G1 molecule showed stable intermolecular N—H m 

hy- 

rogen bond, presenting two coordination shells, one at 2 Å and 

ther at 3 Å, with peak height values of 3.25 and 2.25, greater 

han those resulting from the interaction with water hydrogens 

 Fig. 13 c). For both molecules, the O3—H m 

interaction showed 

reater value than those obtained in the aqueous medium too 

 These results find justification in the presence of two methyl 

roups in position 7, which interacts with the hydrophobic por- 

ion of the methanol molecules, increasing the coordination shell 

round these atoms in both molecules. O1—H and O2—H interac- 

ions practically showed no significant values with the tested sol- 

ents. The explanation for this phenomenon lies in the molecular 

olume of solvent molecules, avoiding a better interaction with O2 

tom, whereas for O1 atom, the resonance with ring A makes the 

lectron pairs less available to the medium. For the solute-solvent 

nteraction between the aporphine alkaloids and ethanol ( Fig. 13 e- 

), a pattern similar to that of solutes in methanol was observed, 

eveling slightly higher peaks at 2 Å for N—H e , O3—H e and H3—O e 

only for G2) interactions, due to the increasing of the apolar in- 

eractions between methyl groups in position 7 and the -CH 2 –CH 3 

ortion of solvent molecule. These results explain the greater sol- 

bility of the studied molecules in methanol and ethanol than in 

ater. 

.9. Cytotoxicity assay 

The cytotoxicity of the alkaloids was evaluated against the 

epG2 cell line through the alamar blue assay after 72 h of in- 

ubation. The IC 50 values found were 8.27 and 8.28 μM for G1 

guadiscine) and G2 (guadiscidine), respectively, indicating mod- 

rate cytotoxic action. Doxorubicin was used as a positive con- 

rol and had an IC 50 value of 0.43 μM. These data corroborate 

ith docking calculations and confirm the anticancer potential of 

hese alkaloids. In addition, these data reveal that the presence of a 

ethoxyl or hydroxyl group at position 9 is not important for the 

ytotoxic activity of these molecules against the HepG2 cell line. 

owever, the presence of the dioxomethylene group (bonded to 

ing A) enhances the cytotoxic activity, since, in our previous study, 

he IC 50 value recorded for the alkaloid 9-methoxyguatterfriesine 

6,6a-dehydro-7,7-dimethylaporphine alkaloid that does not has 

ioxomethylene ring) was higher (IC 50 = 43.12) [14] . In fact, diox- 

methylene ring provides a better DNA intercalation, avoiding 

more efficiently) the DNA cleavage process by topoisomerase en- 

ymes. 
12 
. Conclusions 

The aporphine alkaloids guadiscine (G1) and guadiscidine (G2), 

reviously isolated from G. friesiana were comprehensively stud- 

ed, with their structure, quantum properties, spectral behavior (IR 

nd UV-Vis) and solvation in different solvents analyzed via DFT 

nd MD calculations. MEP and ALIE surfaces allowed the visual- 

zation of the best sites for protonation, also the proposition of 

imers for G2 molecule. The IR study revealed several characteris- 

ic vibrations that helps the characterization of the 6,6a-dehydro- 

,7-dimethylaporphines, also, the comparison between calculated 

nd experimental wavenumbers revealed that dimers showed O 

–H 

tretching vibrations more close to the experimental bands than 

he monormers in the 40 0 0–320 0 cm 

−1 region, implying that the 

roposed dimers are plausible. Fukui functions analysis showed 

hat C2, C6, C1a and N6 atoms are prone to nucleophilic attack, 

hile C1, C11a, O3 and C3a atoms are prone to electrophilic attack. 

he in vitro cytotoxicity results against HepG2 cell line showed IC 50 

alues of 8.27 and 8.28 μM for G1 (guadiscine) and G2 (guadis- 

idine), respectively, confirming the antitumor potential for these 

lkaloids. Furthermore, docking calculations performed with DNA- 

opoisomerase I complex indicate that the studied molecules are 

ood topoisomerase I inhibitors. MD simulations showed that G1 

nd G2 alkaloids are better solvated in methanol and ethanol, in- 

icating that these solvents are better for the extraction of this 

ype of molecule, however, the solvation free energy values in wa- 

er, which were −19.6 and −23.5 kcal/mol respectively, corroborate 

heir pharmacological potential. 
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