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Abstract: Coumarins have been widely used in various human systemic diseases; however, their 

molecular action is not known in many cases. In silico studies are an option to explore the interaction 

of molecules with molecular targets and to obtain explanations for these biological activities. 

SwissTargetPrediction is an accepted tool to obtain potential biological targets for coumarin derivatives. 

Some carbonic anhydrases (CAs), enzymes related to the central nervous system (CNS), and estrogen 

receptors (ER) were evaluated vis à vis coumarins holding an electron donor (EDG) or an electron-

withdrawing group (EWG). Molecular docking studies using Schrödinger carried out with some 

selected proteins showed that EDG and produces the best binding coupling energy (BCE) in CAs and 

ER. Substituents in the aromatic ring increased the BCE in targets related to CNS enzymes; EDG and 

EWG at positions 3 or 4 in coumarins had better activity in CAs. Also, in CAs, coumarins derivatives 

presented better BCE than commercial inhibitors. In ER, no competitive activity to estradiol was 

obtained from coumarins. All In silico results demonstrated the selective influence of the type of 

substitution and their position on the BCE that could permit better coumarin derivatives in protein 

targets implicated in human systemic diseases.  

Keywords: coumarins; structural optimization; SwissTargetPrediction; molecular docking; systemic 

diseases. 
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1. Introduction 

Coumarins are compounds derived from 2H-chromen-2-one, also known as 

benzopyran-2-one (1, Figure 1). The structure of 1 was described for the first time by Vogel in 

1820, and, since then, more than 1300 coumarins have been reported [1,2] from plants, fungi, 

and marine invertebrates [3]. Modified coumarins are classified into 3 main groups according 

to their chemical structure, furanocoumarins, pyranocoumarins, and substituted coumarins [4]. 

The first synthetic focus for coumarins was described by William Henry Perkin in 1868 [5]. 

Later, different synthetic strategies have been described, as the Knoevenagel condensation, 

Pechman's reaction, or metal-catalyzed reactions searching for large-scale production and their 

application in the pharmaceutical industry [6]. 
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Figure 1. Chemical structures: coumaric acid 1, warfarin 2, mesuol 3, scopoletin 4, umbelliferone 5. 

Coumarins have been widely used due to their physiological effects; they are currently 

used in pharmacological therapies such as anticoagulants [7,8], antioxidants [9,10], 

antimicrobials [11,12], antivirals [13-15], anticancer [16,18], among others. In most cases, the 

mechanism of action is unknown. However, recent molecular docking studies have allowed 

proposing plausible targets to explain various biological effects; some are potential anticancer, 

antidiabetic, neuroprotective, and even against the virus-like SARS-CoV-2 [19-21]. In this 

manuscript, an In silico study of the effect of EDG and EWG at 3-6 positions of the coumarin 

skeleton and their BCE towards CA and ER is reported. 

2. Materials and Methods 

2.1. Ligands.  

The reference ligands (substrates, inhibitors, endogenous ligands, and blockers) were 

obtained from PubChem; their IDs are listed in Table 1. The coumarin derivatives were 

designed according to the 2D Sketcher of the Maestro software in the Schrödinger Suite and 

were converted to their most stable 3D conformer. For molecular docking, the ligands were 

prepared using LigPrep [22] from the Schrödinger Suite. After generating 3D structures, 

OPLS4 force fields and loads in all stages were prepared. All possible protonated centers and 

ionization states were calculated for scaffolding using an Ionizer at 7.4 pH. Stereoisomers were 

retained according to their original structures being limited to 32 isomers for each ligand. 

Tautomeric states were generated for each group. Conformers with lower energy for each 

ligand were selected. 

Table 1. Substrates, inhibitors, endogenous ligands, and blockers used for molecular docking. 
Compound PubChem ID Compound PubChem ID 

Harmine 5280953 Acetazolamide 1986 

Indapamide 3702 Bazedoxifene 154257 

L8N 146160385 Brinzolamide 68844 

Lazabemide 71307 CC2 54736423 

Methazolamide 4100 Chlorthalidone 2732 

Moclobemide 4235 Clorgiline 4380 
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Compound PubChem ID Compound PubChem ID 

Neostigmine 4456 Diclofenamide 3038 

Raloxifene 5035 Dicoumarol 54676038 

Rivastigmine 77991 Ethoxzolamide 3295 

SLC-0111 310360 Dorzolamide 5284549 

4-Hydroxytamoxifen 449459 Fulvestrant 104741 

TOR 10664802 Furosemide 3440 

V1F 73776642 Galantamine 9651 

Dihydrotanshinone I 11425923 520 91995964 

2.2. Receptors and enzymes.  

A list of the applied proteins and their respective PDB codes is provided in Table 2. 

The preparation processes were carried out by applying Protein Preparation Wizard [22] in the 

Schrödinger Suite. Structural integrity was reviewed and adjusted; missing recurrences and 

loop segments near the active site were added by means of Prime. Hydrogen atoms were added 

to each protein to return to original state. The protonation and tautomeric states of Asp, Glu, 

Arg, Lys, and His were adjusted to a pH of 7.4. Water molecules inside a sphere of 5 Å in the 

active site were removed. The orientation of the hydrogen bridged bonds was adjusted around 

the active site using PROPKA at a pH of 7.4, and water molecules having 1 or 2 hydrogen 

bridges were removed. Finally, the protein-ligand complex was minimized using the OPLS4 

Force Field, with an RMSD of 0.3 Å. 

2.3. Docking protocol.  

Molecular coupling between receptor binding sites and ligands was performed using 

Maestro 12.2's Glide [23] module, and the receptor grid for each target was prepared using the 

OPLS4.  

 
Figure 2. In silico protocol used to analyze the effect of substituents at the coumarin skeleton. 
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Each grid box was built based on co-crystallized reference ligands or inhibitors, except 

in CAs without references, using Zn+2 as a centroid. The softening of the nonpolar parts of the 

receptors was carried out by scaling the van der Waals radii by a 0.08 factor. Atoms were 

considered nonpolar if they were determined that their absolute partial atomic charge was 

<0.25. In flexibility, additional ligand rotations were allowed for the hydroxyl groups in Ser, 

Thr, and Tyr, and the thiol group in Cys residues. Also, the lowest energy binding position of 

each ligand was maintained. The slip coupling scores were performed in three high-throughput 

virtual sensings (HTVS) modes, standard precision (SP), and additional precision (XP). First, 

docking with reference molecules of the respective protein targets was performed to validate 

the docking protocol. We use XP mode for docking. 

3. Results and Discussion 

Natural products containing coumarins are abundant in nature, providing many 

pharmacological properties for humans and animals. The coumarin chemical structure may 

present diverse substituents at positions 3, 4, 7, and 8, with EDG and/or EWG. It is important 

to analyze these 4 positions for their probable implication in biological activities. The 

bioinformatics tools are an accepted method for developing new drugs; a convenient 

experimental protocol is shown in Figure 2. The Swiss Target Prediction Webtool [24] was 

used to select protein targets, reported in biological studies and human systemic diseases 

(PubMed). Then, they were used for screening using the docking tool Glide (Schrödinger Suite) 

and to define the potential biological value of substituents. 

 
Figure 3. Frequencies for molecular targets to primary coumarin derivatives 6a-j to 9a-j.  
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3.1. Primary design of coumarin derivatives and molecular target selection. 

On structural similarity and biological effects, 191 targets were found; they include 

coumarins derivatives with one possible interaction and frequency higher than 25% (Figure 3). 

From these criteria as molecular targets, 19 proteins were selected. The list included carbonic 

anhydrases (CA, 12 isoforms), ERα and β, and proteins related to the CNS; 

acetylcholinesterase, monoamine oxidase A (MAOA), quinone reductase 1, testosterone 17β-

dehydrogenase 3, and the nuclear factor NFκβ subunit p105. 

The selected targets led to specific human diseases, tissues, and enzyme inhibitors 

(Table 2). The carbonic anhydrases are expressed in carcinomas, metabolic syndrome, and 

CNS disturbances (Alzheimer's and Parkinson's diseases) [25,26]. The ERα and ERβ are 

involved in estrogen-dependent diseases, such as breast cancer, ovarian cancer, and prostate 

cancer [27,28]. Quinone reductase is related to Alzheimer's disease [29], while MAOA is 

connected to Parkinson's disease and Alzheimer's disease [30]. Deletion of the NFKB1 gene 

from NF-κβ subunit p105 increased activation of both NF-κβ and MAPK cell signaling [31]. 

Table 2. Target proteins related to human diseases and coumarin inhibitors having a frequency ≥ 25% 

of primary coumarin derivatives. 

Target protein 
PBD 

code 
Disease Tissues Inhibitors [Ref.] 

Carbonic Anhydrase I 

(CA1) 
3LXE NR Gastrointestinal tract 

Furosemide, 

ethoxzolamide  

 

[32,33]  

Carbonic Anhydrase 

II 
 (CA2) 

3BL0 

Osteopetrosis, 

glaucoma, edema, 

renal tubular acidosis, 

cerebral calcification  

CNS, gastrointestinal 

tract, seminal vesicle, 
kidney, bone marrow 

Furosemide, 

brinzolamide  

 

 

[34]  

Carbonic Anhydrase 

III 

 (CA3) 

1Z97 

Neuromuscular 

diseases and 

hepatocellular 

carcinoma  

Skeletal muscle, liver, 

adipose tissue 
Chlorthalidone  

[33,35,36] 

Carbonic Anhydrase 

IV  
(CA4) 

3FW3 
Retinitis pigmentosa  

 
Eye, gastrointestinal 

tract, kidney  

Diclofenamide, 

methazolamide, 
acetazolamide  

 

[33,37,38] 

Carbonic Anhydrase 

VA 

(CA5A) 

NR Obesity 
Kidneys, liver, skeletal 

muscle  
Zonisamide  

 

[39,40] 

Carbonic Anhydrase 

VB 

 (CA5B) 

NR Diabetes, obesity  

Pancreas, kidneys, 

salivary glands, spinal 

cord, heart, skeletal 

muscle  

Chlorthalidone  

 

 

[36,39] 

Carbonic Anhydrase 

VI  
(CA6) 

3FE4 Dental caries 
Salivary glands, oral 

cavity, esophagus  
Acetazolamide  

 

[41,42] 

Carbonic Anhydrase 
VII  

(CA7) 

6SDT Epilepsy  
Cortex, hippocampus, 

thalamus  

Indapamide, 

chlorthalidone  

 
[33,43] 

Carbonic Anhydrase 

IX 

 (CA9) 

5FL4 

Hypoxia-induced cell 

surface enzyme 

expressed in solid 

tumors  

Gallbladder, gastric 

epithelium  

Chlorthalidone, 

SLC-0111, 

indapamide  

 

[33,44,45] 

Carbonic Anhydrase 

XII  
(CA12) 

4QJ0 Tumor-related  

Pancreas, ovary, colon, 

kidney, rectum, 
esophagus,prostate, brain  

Indapamide, 
chlorthalidone  

 

 
[36,44,46] 

Carbonic Anhydrase 
XIII  

(CA13) 

4QIZ 
Sjögren's syndrome, 

colorectal carcinomas  

Small intestine, prostate, 

colon, testis  

Indapamide, 

chlorthalidone 

 
[33,36,47] 

Carbonic Anhydrase 

XIV  

(CA14) 

5CJF NR 
Kidneys, brain, heart, 

retina  

Chlorthalidone 

methazolamide, 

furosemide  

 

[48, 49] 

HSD17B3 ND NR Testis  Bisphenol A  [50] 

Estrogen receptor β 

(ERβ) 
5TOA 

Ovarian and prostate 

cancer  

Hypothalamus, lungs, 

bone, testis, ovary  
Bazedoxifene  

 

[27,51,52] 
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Target protein 
PBD 

code 
Disease Tissues Inhibitors [Ref.] 

Acetylcholinesterase 

(AChE) 
4M0E 

Alzheimer's disease, 

Parkinson's disease  
Brain, muscular tissue  

Galantamine, 

rivastigmine, 

neostigmine  

 

[53-55] 

Estrogen receptor α 

(ERα) 
1A52 

Cancer, osteoporosis, 

cardiovascular 

diseases  

CNS, testis, ovary  

Raloxifene, 

tamoxifen, 

fulvestrant  

 

[27,51,56] 

Quinone reductase 

(QOR1) 
3JSX Alzheimer's disease  

Brain, lung, liver, breast, 

ovary, colon, eye  
Dicoumarol  

 

[29,57,58] 

Monoamine oxidase 

A (MAOA) 
2Z5Y 

Alzheimer's disease 

Parkinson's disease,   
Brain  

Clorgyline, 

moclobemide, 
lazabemide  

 

[30,59,60] 

NFκβ subunit p105 ND 

NFKB1 gene deletion 
increases activation of 

both NF-κB, MAPK 

signaling  

Found in nearly all 

animal cell types  
NR 

 
[31] 

*NR: Not reported 

Each position or substituent in the selected coumarins is important for drug distribution. 

In silico studies for carbonic anhydrases, position 3 or 7 showed a high independent frequency 

vis-à-vis the substituent; however, when an EWG is placed in position 4 or 8, lower frequencies 

(50%) were observed; in this way, the introduction of the nitro group did not show a better 

interaction towards carbonic anhydrases. Instead, for ER, the low frequency was observed in 

all cases, though a symmetrical effect was maintained for both EDG and EWG. In the CNS-

associated proteins, the substitution position of groups EDG vs. EWG had a great impact and, 

in all cases, had high frequency. Nevertheless, at positions 3 or 4, the frequency was lower in 

comparison to substitutions at 7 and 8 positions, indicating that those places have a preference 

for the CNS. These results are consistent with previous reports on coumarins in the CNS 

[61,62]. For nuclear factor NF-κβ p105 subunit, the substitution on aromatic ring resulted 

critical for higher interaction probability. 

Table 3. Frequency (%) distribution of specific substitutions on primary coumarins classified by EDG/EWG. 

Target 
Common  

name 

6a-e 6f-j 7a-e 7f-j 8a-e 8f-j 9a-f 9f-j 

EWG EDG EWG EDG EWG EDG EWG EDG 

Carbonic anhydrase XII CA12 80 100 80 100 80 100 80 100 

Carbonic anhydrase I CA1 80 100 80 80 80 100 80 100 

Carbonic anhydrase IX CA9 80 80 80 100 80 100 80 100 

Carbonic anhydrase VA CA5A 80 80 40 80 80 100 60 100 

Carbonic anhydrase VII CA7 80 100 40 80 80 100 60 80 

Carbonic anhydrase III CA3 80 80 60 80 60 100 60 100 

Carbonic anhydrase XIII CA13 80 60 40 80 80 100 60 100 

Carbonic anhydrase XIV CA14 80 80 40 80 80 80 60 100 

Carbonic anhydrase IV CA4 80 100 40 80 60 100 60 60 

Carbonic anhydrase VB CA5B 80 60 40 80 80 100 60 80 

Carbonic anhydrase II CA2 80 100 40 80 60 100 40 80 

Carbonic anhydrase VI CA6 60 60 40 80 80 100 60 60 

Testosterone 17β-dehydrogenase 3 HSD17B3 40 40 0 60 40 40 40 60 

Monoamine oxidase A MAOA 0 20 40 60 20 40 40 60 

Estrogen receptor β ERβ 20 20 0 40 40 40 40 40 

NF-κβ p105 NFKB1 0 0 0 60 40 80 0 40 

Acetylcholinesterase AChE 0 20 0 20 40 80 0 40 
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Target 
Common  

name 

6a-e 6f-j 7a-e 7f-j 8a-e 8f-j 9a-f 9f-j 

EWG EDG EWG EDG EWG EDG EWG EDG 

Estrogen receptor α ERα 20 60 0 40 20 20 20 40 

Quinone reductase 1 NQO1 0 20 20 20 60 20 20 20 

The substituents containing the nitro group presented the lowest interaction frequency. 

These results were corroborated by means of the SwissBioisostere tool [63]. Even more, in a 

second study using 56 coumarin derivatives (11a-k to 14a-k; Figure 4), the same trend for 6a-

j and 9a-j was obtained; bioisosteres with ΔtPSA (changes on the topological polar surface 

area) close to zero (-0.1 to 0.1) were obtained.  

 
Figure 4. New coumarins substituted by groups having a ΔtPSA -0.1 to 0.1 with respect to the nitro group. 

This new coumarins group generated low frequencies (25%) (see supplementary 

material) in most targets, particularly in carbonic anhydrases, except for CA7. This last gave 

similarities to the first study with the nitro group. However, for the monoamine oxidase, the 

frequency was 60.7%, while for acetylcholinesterase was 37.5%. These results are consistent 

with previous studies indicating that EWG with a polar surface area like that of the nitro group 

has the best potential for interaction with this enzyme in the CNS, showing that TPSA is an 

important factor to take into account when looking for bioisosteres to replace toxicophores, 

such as the nitro group.  

From the results of the two groups of coumarin derivatives, 3 subgroups were clearly 

identified: first, the CA, with multiple associated diseases. The second comprises derivatives 

associated with CNS (including MAOA, AChE, and QNR1), and the third is associated with 

estrogen receptors.  

3.2. Carbonic anhydrases molecular docking and structure optimization.  

Carbonic anhydrases (CAs) have been extensively studied in vitro and in vivo for their 

relationship to different diseases such as glaucoma, nonalcoholic, Alzheimer's disease and 

other human diseases. Different CA isoforms are distributed throughout the human body, and 

abnormal levels are associated with these diseases [64-66]. Therefore, each one of the proteins 

and their corresponding grid boxes were prepared using the Zn2+ ion and the reference inhibitor 

to focus the study boxes on each enzyme. The reference inhibitors were selected according to 

each CA considering the calculated coupling energy, in which the inhibitory effect has been 

previously reported [67,68]. 

https://doi.org/10.33263/BRIAC133.240
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The coupling energy values of reference inhibitors allowed to determine the effect of 

the substituent and its position. For CA12  all coumarins showed a higher frequency of binding 

coupling energy (BCE) being ΔBCE>2.0 kcal/mol), in comparison to reference inhibitors, but 

no statistical difference was observed towards the effect derived from the substituent position. 

Substitutions at positions 3 and 7 had bigger BCE, with a lower mid-value of -6.0 kcal/mol. 

Substituents at 4 or 8 positions presented bigger mid-values  (-6.0 kcal/mol). For the type of 

group, there was no difference in BCE, but there is a trend of greater BCE by EWG. This 

showed a clear dependence for each position. The substitution in 3 or 8 positions, a better BCE 

was obtained by the EWGs, while for positions 4 or 7, a no-dependence by substitution type 

was appreciated. 

Table 4. BCE (kcal/mol) of coumarin derivatives, commercial drugs with isoforms of CAs. 

Compound Target 

 CA12 CA1 CA9 CA7 CA3 CA13 CA14 CA4 CA2 CA6 

1 -5.257 -5.970 -5.441 -4.203 -4.239 -5.751 -5.128 -4.967 -4.814 -4.137 

6a -6.268 -6.162 -5.360 -3.902 -4.616 -5.666 -4.759 -4.588 -4.648 -3.846 

6b -6.209 -4.542 -4.863 -3.804 -3.107 -5.306 -3.842 -3.796 -4.260 -3.755 

6c -5.179 -5.056 -5.259 -4.185 -4.166 -5.896 -4.740 -6.330 -4.977 -4.054 

6d -6.731 -4.526 -6.167 -4.096 -3.974 -6.311 -5.148 -4.705 -5.026 -4.148 

6e -6.195 -5.365 -5.524 -4.481 -4.126 -5.825 -5.580 -6.280 -5.486 -4.410 

6f -4.817 -5.684 -5.630 -4.208 -3.397 -5.759 -5.379 -4.733 -4.640 -4.335 

6g -6.314 -6.464 -6.254 -5.092 -5.394 -5.677 -5.093 -5.530 -4.673 -4.397 

6h -5.398 -4.476 -4.795 -4.038 -3.761 -4.855 -4.790 -4.778 -4.783 -3.911 

6i -6.439 -4.965 -4.768 -4.045 -3.578 -5.933 -4.877 -4.581 -4.428 -4.073 

6j -6.497 -5.108 -5.392 -3.801 -3.395 -3.695 -4.993 -3.954 -4.360 -5.234 

7a -5.540 -4.706 -5.089 -4.232 -3.433 -6.210 -5.380 -4.882 -4.763 -3.680 

7b -5.116 -4.152 -5.236 -4.015 -3.017 -5.870 -4.645 -4.726 -4.654 -3.516 

7c -6.663 -4.201 -5.702 -4.290 -3.485 -6.492 -4.843 -5.300 -5.861 -4.340 

7d -4.742 -4.710 -5.672 -4.543 -3.748 -6.726 -4.884 -5.332 -5.704 -4.181 

7e -6.053 -4.326 -4.959 -4.369 -3.407 -6.537 -4.847 -5.345 -5.041 -4.705 

7f -5.869 -5.826 -5.010 -6.347 -4.106 -5.312 -6.520 -6.545 -6.131 -4.212 

7g -5.999 -3.475 -5.344 -5.156 -3.883 -6.589 -4.915 -4.718 -4.849 -4.113 

7h -4.695 -5.030 -4.724 -4.166 -3.773 -5.113 -5.072 -5.471 -5.145 -4.085 

7i -5.963 -4.340 -5.510 -4.299 -3.330 -6.051 -4.906 -4.832 -4.821 -4.093 

7j -5.301 -5.223 -5.491 -4.171 -3.321 -4.001 -5.575 -5.186 -4.128 -4.011 

8a -5.923 -5.376 -5.658 -4.108 -4.195 -5.525 -5.195 -4.968 -4.879 -4.477 

8b -6.172 -4.977 -5.207 -4.139 -3.218 -4.882 -5.038 -4.556 -3.908 -3.382 

8c -6.535 -5.869 -5.913 -5.124 -3.553 -5.266 -4.796 -5.022 -4.582 -4.316 

8d -5.669 -5.613 -6.429 -4.490 -3.917 -6.292 -5.103 -4.884 -5.106 -4.428 

8e -6.508 -5.473 -5.797 -4.914 -4.090 -6.740 -4.951 -5.398 -4.853 -4.709 

8f -7.005 -5.939 -6.130 -6.745 -4.228 -6.776 -5.288 -5.292 -4.941 -5.337 

8g -6.099 -5.779 -6.122 -6.102 -4.402 -6.261 -5.389 -5.656 -5.004 -4.607 

8h -5.734 -4.738 -5.173 -4.145 -4.425 -5.214 -4.171 -3.987 -4.964 -4.063 

8i -5.961 -5.711 -5.537 -4.134 -4.303 -6.158 -5.317 -4.986 -4.913 -3.672 

8j -6.509 -5.211 -5.714 -3.713 -1.199 -4.211 -4.583 -4.543 -4.736 -3.199 

9a -5.497 -4.504 -5.759 -3.970 -3.628 -6.137 -4.825 -4.880 -4.867 -3.935 

9b -5.216 -4.476 -5.539 -3.824 -3.452 -5.965 -4.561 -4.502 -4.428 -3.871 

9c -5.516 -4.927 -5.586 -4.146 -3.737 -6.374 -4.678 -4.724 -5.095 -4.362 

9d -6.472 -5.605 -6.315 -4.158 -4.090 -6.363 -4.702 -4.769 -5.584 -4.508 

9e -6.695 -5.532 -6.123 -4.562 -4.661 -6.814 -4.761 -5.126 -5.462 -4.299 

9f -5.980 -6.177 -5.828 -5.187 -4.078 -6.765 -5.211 -5.135 -5.290 -4.770 

9g -5.868 -6.420 -5.734 -5.947 -3.855 -6.418 -5.190 -5.236 -5.526 -5.151 

9h -5.003 -3.323 -4.934 -4.021 -3.707 -5.141 -4.254 -4.718 -5.180 -3.983 

9i -5.451 -5.815 -5.108 -4.253 -4.042 -5.849 -5.218 -4.932 -4.869 -4.136 

9j -6.195 -5.641 -5.369 -3.892 -2.917 -4.434 -4.923 -4.971 -4.739 -3.848 

520 - - - - - - -5.244 - - - 

Acetazolamide - - - - - - - -6.822 - -4.681 

BL0 - - - - - - - - -5.250 - 

Brinzolamide - - - - - - - - -4.136 - 

Chlorthalidone -4.771 - -6.424 -4.158 - -4.771 -6.199 - - - 

Diclofenamide - - - - - - - -3.997 - - 

Dorzolamide - - - - - - - -4.289 - - 
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Compound Target 

 CA12 CA1 CA9 CA7 CA3 CA13 CA14 CA4 CA2 CA6 

Ethoxzolamide - -5.499 - - - - - - - - 

Furosemide - -4.087 - - - - -3.388 - -3.625 - 

Indapamide -3.108 - -5.999 -3.522 - -3.108 - - - - 

L8N - - - -4.197 - - - - - - 

Methazolamide - - - - - - -4.746 -5.759 - - 

SLC-0111 - - -5.609 - - - - - - - 

TOR - -1.461 - - - - - - - - 

V1F -3.718 - - - - -3.718 - - - - 

For carbonic anhydrases CA1, CA3, CA4, CA6, and CA9, a similar effect as for CA12 

was found. In the case of CA4 the reference inhibitor acetazolamide had the best BCE. For 

CA1 only coumarins having EWG  at positions 7 or 8  exhibited inhibitory potential. For CA9 

the derivative 8d had better BCE than the reference inhibitor. For CA8, coumarins bearing  

EDG presented greater BCE. For the CA13 enzyme, all coumarin derivatives presented bigger  

BCE than the reference inhibitors, except for those having a phenyl group at C3, C4, C6, or 

C7. In the case of the CA6 enzyme, there were only some EDG substituents that presented 

greater BCE, particularly hydroxyphenyl and aminophenyl groups. For CA3, no reference 

inhibitor was found. However, positions 3 and 4 exhibited greater coupling energy than 

positions 7 and 8 independently of the substituent type.   

These results can be explained by several factors: the ability to build hydrogen bridges 

between the hydroxy and amino groups, as well as specified interactions with some substituted 

centers, as shown in Figure 5. Furthermore, the interactions with the Zn2+ ion for the activity 

of this enzyme can be appreciated. In CA4, CA9, and CA14, direct interaction with that metal 

(Figure 6) was observed. In the 3D models, a specific metal site was found in all cases, although 

without direct interaction, due to a steric hindrance provoked by the coumaric derivative. 

 
Figure 5. 2D structural interaction between a coumarin derivative and a CA enzyme. (A) 7f-CA4; (B) 8f-CA12; 

(C) 8f-CA7; (D) 7f-CA14; (E) 9e-CA13; (F) 6g-CA3.  
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Figure 6. 3D structures showing the interaction of coumarin derivatives at the enzyme zinc site and comparison 

with the reference inhibitor. (A) 7f-CA2, (B) 6g-CA3, (C) 7f-CA4, (D) 8f-CA7 and 7f-CA14. 

Specific interactions and substitutions are shown in Table 5 due to the incorporation of 

cyano and amino groups at 3 or 4 positions, a hydroxyl group at the aromatic ring (position 7), 

and a carbaldehyde or an amino group at position 8 (Table 5). Permutations increased the BCE, 

particularly with the CN group in position 3. Nevertheless, in CA3 the opposite effect was 

observed; this result is expected considering the lower volume of the enzyme active site. A 

substitution significantly decreases BCE. Structural optimization of the carbonic anhydrases is 

shown in Table 5. 

Table 5. Structural optimization among primary coumarin derivatives and CAs (kcal/mol). 

 Substituents Targets 

Compd. R1 R2 R3 R4 CA12 CA1 CA9 CA7 CA3 CA13 CA14 CA4 CA2 CA6 

10a CN NH2 OH CHO -7.444 -5.462 -5.868 -5.423 -4.242 -6.068 -6.929 -6.641 -7.138 -4.935 

10b NH2 CN OH CHO -6.761 -4.549 -6.108 -4.858 -2.000 -5.384 -7.442 -7.554 -7.966 -4.711 

10c CN NH2 OH NH2 -5.677 -5.046 -6.665 -6.565 -4.199 -5.961 -5.697 -5.2 -5.25 -5.107 

10d NH2 CN OH NH2 -6.985 -4.138 -7.254 -6.051 -2.000 -6.297 -5.721 -5.659 -5.473 -5.471 

3.3. Monoamine oxidase A, acetyl cholinesterase, and quinone reductase1 molecular docking 

and structure optimization. 

In Parkinson's and Alzheimer's diseases, the coumarins have already been analyzed 

through in vivo [69-72] and In silico [73-75] studies. Particularly, acetylcholinesterase (AChE) 

has been related to the regulation of acetylcholine and inhibitors like galantamine, rivastigmine, 

and neostigmine. Monoamine oxidase A (MAOA) by its participation in the degradation of 

serotonin, norepinephrine, and dopamine, inhibitors like clorgyline, moclobemide and 

lazabemide. Moreover, in CNS, it has been pointed out that quinone reductase 1 (NQO1) 

contributes to detoxification and redox balance through inhibitors like CC2 and dicoumarol. 

The mechanisms described above have been confirmed In silico (Table 6) [76-80] by the best 

BCE values with substrate enzymes. Coumarins have a great biological potential action for 

both multi-target union and high selective inhibition. The interaction level of model coumarins 

with the MAOA, AChE, and NQO1 enzymes was different; in MAOA, the BCE was -6.5 to -

7.5, for AChE -4.5 to -5.5, and NQO1 -3.6 to -4.4 kcal/mol. The order of preference was 

MAOA>AChE >NQO1. These results emphasize that the last one has a greater distribution 

throughout the body [81]; a strong molecular interaction will result in side effects. 

In the current study, all coumarins had inhibitory action on AChE since they have better 

BCE in comparison to acetylcholine, but three cases had better BCE than galantamine, a drug 
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that produces many side effects. Compounds 8f, 8g and 9g also showed an inhibitory effect on 

MAOA and NQO1. Any coumarin had selective inhibition on MAOA due to their competition 

with AChE. However, if they had better BCE in comparison to AChE it is essential to regulate 

their selective inhibition. Coumarins bearing EDG presented better BCE when substituents 

were placed at position 3 and even presented selectivity for NQO1. Derivative 10n, having four 

amino groups, had better BCE, but it was not selective to MAOA. 

Table 6. BCE (kcal/mol) among primary coumarins derivatives and MAOA, AChE and NQO1 enzymes.  

Compound/Target MAOA AChE NQO1 Compound/Target MAOA AChE NQO1 

5 -6.607 -7.172 -3.997 8f -7.709 -7.839 -4.654 

6a -7.067 -7.456 -3.661 8g -7.292 -7.623 -4.602 

6b -6.449 -7.217 -3.735 8h -6.658 -6.236 -3.774 

6c -7.455 -7.722 -4.061 8i -6.981 -7.238 -4.159 

6d -7.628 -7.730 -3.962 8j -8.154 -6.840 -3.724 

6e -7.610 -8.002 -3.819 9a -6.892 -7.340 -3.902 

6f -6.972 -7.205 -3.853 9b -6.801 -7.097 -3.623 

6g -7.099 -7.215 -4.999 9c -6.830 -7.486 -4.094 

6h -7.198 -6.949 -3.471 9d -7.437 -7.673 -3.997 

6i -7.222 -7.543 -3.967 9e -7.262 -7.590 -4.176 

6j -7.787 -6.727 -3.798 9f -7.678 -7.157 -4.827 

7a -6.950 -7.210 -4.010 9g -7.519 -7.364 -4.737 

7b -6.710 -7.061 -3.606 9h -6.557 -6.511 -3.561 

7c -6.913 -7.337 -3.800 9i -6.943 -7.457 -4.143 

7d -6.905 -7.473 -3.890 9j -8.120 -7.482 -3.126 

7e -7.318 -7.613 -4.454 Dihydrotanshinone I - -4.591 - 

7f -6.391 -6.046 -3.583 Acetylcholine - -3.930 - 

7g -6.791 -7.259 -4.732 Clorgiline -3.700 - - 

7h -6.441 -6.694 -3.585 Furosemide -4.506 - - 

7i -7.148 -7.480 -3.981 Galantamine - -5.780 - 

7j -6.714 -7.522 -4.034 Harmine -8.395 - - 

8a -6.867 -7.072 -4.055 Methazolamide -7.303 - - 

8b -6.937 -6.771 -3.821 Neostigmine - -3.980 - 

8c -7.054 -7.204 -3.882 Rivastigmine - -3.380 - 

8d -7.605 -7.105 -4.573 CC2 - - -4.279 

8e -7.344 -6.889 -4.190 Dicoumarol - - -3.701 

For MAOA, position 4 presented the best BCE values vs. positions 3, 7, and 8. A 

comparison among substituents showed no significant difference, although in most cases, 

substitutions by EDG enhanced the BCE. For NQO1, no significant difference was obtained 

due to substituents at positions 3, 4, and 8; only a better value was found for position 7. 

According to the type of substitution, there is no difference. However, EDG has a better 

BCE. Finally, for AChE, positions 3 and 4 presented better BCE than 7 and 8. According to 

the type of substitution, no difference was founded (all in the same order of value), which is 

indicative that the coumarin nucleus gives the potential inhibitory effect and not the 

substitutions.  

 
Figure 7. 2D structure interaction. 9g-AChE (A); 8j-MAOA (B); 6g-QNR1 (C). 
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Figure 8. Molecular interaction in 3D structure in enzyme catalytic site. 9g-AChE, 8j-MAOA, 6g-QOR1. 

Better BCE was observed from coumarins containing an amino group when coupled to  

AChE and the QNR1 f due to the formation of hydrogen bridges. For the MAOA site, with a 

high level of aromatic residues, the replacement by the phenyl group significantly increased 

the BCE, given the formation of interactions between the aromatic rings. The specific protein 

sites confirming the interaction types are shown (Figure 8) in the AChE case, the amino-acid 

residues related to the catalytic triad. If we compare especially with the reference inhibitors, it 

was observed the same site position in all cases, hypothesizing a competitive inhibition. 

Table 7. Structural optimization of novel coumarin derivates on CNS-associated enzymes. 

Compound 
Substituent Target 

R1 R2 R3 R4 AchE MAOA NQO1 

10e Ph CH3 Ph Ph -4.770 * -4.091 

10f Ph Ph Ph Ph -4.747 * -3.503 

10g CN CHO OH NO2 -4.503 -6.669 -4.173 

10h CHO CN OH NO2 -3.875 -6.475 -4.017 

10i OH OH OH OH -5.270 -6.546 -4.168 

10j OH NH2 OH OH -6.144 -7.749 -5.15 

10k OH NH2 NH2 OH -7.019 -7.889 -5.497 

10m OH NH2 NH2 NH2 -7.703 -7.959 -5.225 

10n NH2 NH2 NH2 NH2 -7.279 -8.052 -5.465 

*: No interaction   

Based on the above-mentioned groups, specific molecular interaction was obtained for 

each enzyme. For MAOA, the phenyl group had an important influence on BCE, except for 

position 4. For AChE, the EWG, except in position 7. In the case of NQO1, the amino and 

hydroxyl groups were exclusively EDG substituted. Table 7 shows the permutations of organic 

groups, and the presence of an aromatic ring such as a substituent improves the molecular 

interaction. The multi-substitution of other groups decreases the BCE due to the generated 

strong steric hindrance. The same effect was observed in the substitutions in interaction with 

the MAOA, while the substitutions by EDG in 4 carbons increased the BCE due to the 

formation of hydrogen bridges in the enzyme catalytic sites. These results were verified for the 

substitution of the hydroxyl group for amines. When the number of hydrogen bridges was 
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increased, proportionally, too, increased the BCE with MAOA. For AChE was necessary to 

conserve a hydroxyl group in position 3 to guarantee optimal coupling energy (Table 7). 

3.4. Estrogen receptor molecular docking and structure optimization. 

The estrogen receptors in diseases like breast cancer and cervical cancer, ovary cancer, 

and others, and its regulators, Positive for ERα and opposite for ERβ [82,83] have been targets 

of effect for in vivo [84,85] and In silico trials [86,87], Bazedoxifene for ERβ and fulvestrant, 

4hydroxytamoxifen and raloxifene for ERα. For ERβ, all compounds had potential inhibitory 

action in comparison to the reference; however, since its modulation depends on high doses 

would not be a suitable design as an endogenous ligand (estradiol), the BCE has a coupling 

energy of -10.013 kcal/mol, comparing it with the design compounds, neither it had potential 

as an antagonist of this receptor. For ERα, tamoxifen is the reference inhibitor commonly used 

in medical treatments and in the biology of reproduction research [88]. Coumarin derivatives 

showed an interaction potential for receptor α or β. Still, it is interesting to analyze the position 

effect and substituent to optimize coumarin structure. 

For all analyzed coumarins, substituents at position 4 had the lowest BCE towards ERα. 

It was interesting to observe that substituents at positions 3, 7, and 8 had similar levels of 

energy(Table 8). The substitution with EWG resulted in better BCE regardless of the type of 

receptor, although the biggest effect was produced on the ERβ (this effect is only dominant 

when EWG is at position 4). In the case of positions 3, 7, and 8, EDG a less important effect at 

position 4; the energy increase is higher (ΔBCE~ 1.0 kcal/mol) than the existent difference 

among the substitution types (ΔBCE< 0.2 kcal/mol). These results indicate that position 4 was 

critical for the BCE value limiting the optimization to this position. 

Table 8. BCE (kcal/mol) among primary coumarins derivates and estrogen receptors isoforms. 

Compound 
Target 

Compound 
Target 

ERβ ERα ERβ ERα 

5 -6.676 -6.922 8c -7.007 -6.554 

6a -6.636 -6.644 8d -6.677 -7.057 

6b -6.704 -6.548 8e -7.251 -6.773 

6c -6.879 -7.269 8f -7.579 -7.052 

6d -7.175 -7.356 8g -7.424 -6.983 

6e -7.312 -7.690 8h -6.056 -5.931 

6f -6.726 -6.502 8i -7.114 -7.245 

6g -7.171 -6.783 8j -7.674 -7.604 

6h -6.546 -6.197 9a -6.839 -7.325 

6i -6.900 -6.597 9b -6.885 -7.153 

6j -7.898 -7.476 9c -7.003 -7.324 

7a -7.000 -7.325 9d -7.141 -6.966 

7b -6.865 -7.103 9e -7.273 -7.465 

7c -6.969 -7.313 9f -7.250 -6.851 

7d -7.402 -7.566 9g -7.526 -6.865 

7e -7.264 -7.489 9h -6.510 -6.351 

7f -4.838 -6.270 9i -7.009 -7.200 

7g -7.314 -7.008 9j -7.322 -7.705 

7h -6.745 -6.673 Bazedoxifene -3.845 - 

7i -7.188 -7.402 Estradiol -10.013 -10.665 

7j -4.426 -8.312 Fulvestrant - -11.426 

8a -6.989 -6.963 Raloxifene - -3.301 

8b -6.839 -6.639 4-Hydroxytamoxifen - -10.725 

In all interactions with the ERα and ERβ, the aromatic rings were participating in π-π 

type bonds with the enzyme Phe residue (Figure 9). The interactions with estradiol do not reach 
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the level of BCE with the endogenous ligand. Figure 10 shows the estradiol site and its 

interaction with coumarin derivatives. 

 
Figure 9. 2D structure interaction. 7j-ERα and 6j-Erβ. 

 
Figure 10. Major molecular interactions in the estradiol-binding site. 7j-ERα (A) and 6j-ERβ (A). 

The presence of aromatic groups increased the BCE in designed coumarins 

polysubstituted. However, the higher steric hindrance decreased its value. Specifically, 

substitutions in 10d resulted best because they increased the hydrogen bridges and decreased 

interactions between aromatic rings.  

Table 9. Structural optimization of novel coumarin derivatives and BCE with estrogen receptors. 

Compound 
Substituents Target 

R1 R2 R3 R4 ERα ERβ 

10o Ph H Ph H -4.415 -4.347 

10p Ph H H Ph -5.302 -3.91 

10q H Ph Ph H -7.502 * 

10r H Ph H Ph -3.490 -3.609 

10d NH2 CN OH NH2 -8.517 -8.517 

*: No interaction  

4. Conclusions 

The SwissTargetPrediction studies on the effect of coumarin derivatives showed 

potential activity on biological targets such as CAs, CNS-related enzymes, and ER receptors. 

For CAs, the effects were related to the substituent group and its attached position. Specifically, 

hydroxyl groups at positions 3 or 4 in 6g, 7f, 8f, 9e increased the BCE. A result to be highlighted 

is the effect of EDG in the catalytic site of Zn2+ ion in enzymes from CNS with preference o 

over MAOA, AChE and NQO1 in 9g, 8j, 6g, 10i coumarin derivatives. Also, in NQO1, the 

amino and phenyl groups showed the best BCE. For CNS-related enzymes, those diversely 

substituted amino groups gave the best BCE. However, on estrogen receptors, no activity was 

founded (6j, 7j). The results demonstrated the importance of selecting appropriate substituents 

and placing them at a key position in the coumarin base ring to obtain potential drugs.   
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Supplementary files 

Used software tools and versions for the molecular docking analyses: 

 

1) Target Prediction and Bioisostere screening 

a) SwissTargetPrediction (available in www.swisstargetprediction.ch) 

b) SwissBioisostere (available in www.swissbioisostere.ch) 

 

2) Obtain, design and preparation ligands. 

a) Obtain in PubChem for ID registered in table 1 (available in 

pubchem.ncbi.nlm.nih.gov) 

b) Design in 2D Sketcher of the Maestro software (version 12.6, 

www.schrodinger.com)  

c) Preparation ligans in LigPrep for Schrödinger software (version 12.6 2021-3 

www.schrodinger.com/products/ligprep)  

 

3) Obtain and preparation proteins 

a) Obtain proteins in PDB bank according a PDB ID registered in table 2 (available 

in www.rcsb.org) 

b) Protein pre-procesing and processing in Protein Preparation Wizard; Epik, 

Schrödinger (version 12.6 2021 www.schrodinger.com/products/protein-

preparation-wizard) 

 

4) Grid box generation and molecular docking 

Grid box generation and molecular docking (HTVS to SP to XP) in module 

Glide, Schrödinger (version 12.6 2021-3 www.schrodinger.com/products/glide) 
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