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ABSTRACT 

 Cancer is the term for all diseases related with the mutation of normal cells to 
abnormal uncontrolled cell growth. This disease is the second leading cause of death 
worldwide. In all cancers, some of the body's cells begin dividing without stopping 
and spread to the surrounding tissues, causing serious organ damage and death in 
the final stage. Cancer has a great impact on society, being the main cause of 
morbidity and mortality worldwide; in 2012 were reported about 14 million new cases 
and 8.2 million cancer-related deaths. Statistics indicate that in 2016, estimated 
1.685.210 new cases of cancer will be diagnosed in the US and 595.690 people are 
expected to die from this disease.The development of this complex disease, 
comprise different biological capabilities tumors acquired during development 
multistage. These characteristics constitute an organizing principle for the 
rationalization of the complexities of this neoplastic disease. Each step involves 
multiple cellular mechanisms that are not yet fully understood. So far, there is not a 
cure for cancer, and there is great concern about the increase in the number of 
reported cases and deaths from it. Despite this, there are many treatments to prevent 
premature death by it, but mostly with remarkable side effects such as heart, 
pulmonary, endocrine and nervous system problems, including development of 
secondary cancers, due to chemotherapy or radiation treatments, with deterioration 
of quality of life of patients. 

The identification of molecules with the ability to inhibit the activity of target 
enzymes in cancer processes arises as a promising alternative for the treatment of 
this disease. Natural products (NPs), have been widely reported as a promising 
source for the discovery of new drugs because of its large molecular diversity and 
low toxicity. It is known that 50% of the compounds used to treat cancer are derived 
from natural compounds, however, the mechanisms responsible for their activity so 
far not been elucidated clearly, and this information is useful for the rational design of 
more effective drugs with fewer side effects than treatments used so far. 

For all these reasons, it is important to find natural compounds capable of 
modulating the activity of proteins that support the processes of formation and 
maintenance of cancer. In this thesis are presented the results of a multidisciplinary 
methodological strategy that included powerful computational tools such as 
molecular docking (AutoDock Vina, GOLD and Surflex-Dock, SYBYL), 
pharmacophore mapping (LigandScout 3.0) combined with statistical methods 
(cluster analysis, linear discriminant analysis, linear regression, among others) to the 
search for natural compounds with anticancer activity by inhibition of cancer targets 
such as, COX-2, iNOS and DNMT1. Additionally, in this work was evaluated the 
ability of these compounds to bind to human serum albumin (HSA). 
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The in vitro evaluation of anti-methylating activity was evaluated for promisory 
compounds gambogic acid, digoxin and phloridzin showing that are active against 
Enzyme DNMT1 (M.SssI). Being the gambogic acid the one that presented the more 
potent inhibitory effect, the inhibitory activity was classified in the following order of 
potency: gambogic acid> digoxin> phloridzin. Digoxin and gambogic acid showed 
potent cytotoxic activities against human HT-29 and MCF-7 cancer cell lines, with 
very low IC50 values (in nM and μM order). On the other hand, cytotoxic effects were 
not significant for phloridzin. Additionally, spectroscopic methods were employed to 
evaluate the interaction of HSA, drug transporter, with gambogic acid and digoxin. 
The data obtained from the measures titrations by spectroscopic methods UV-VIS, 
fluorescence quenching and circular dichroism revealed the possible interaction of 
HSA with gambogic acid and digoxin, being more favorable to gambogic acid. 
Thermodynamic parameters were calculated for HSA-gambogic acid and HSA-
digoxin complexes, interacting residues in the binding site were predicted, showing 
static interactions. The results revealed that digoxin and gambogic acid could be a 
scaffold for the discovery of new anticancer compounds with greater potency, 
selectivity and fewer side effects, via inhibition of DNA methyltransferases. 

 

  



Natural Bioactive Compounds As Inhibitors Of Cancer Targets.          Ph.D. In Environmental Toxicology 

 

                                                      17 
 

RESUMEN 

“Compuestos naturales como inhibidores de proteínas blanco en cáncer” 

El cáncer, es el término para el conjunto de enfermedades relacionadas con la 
mutación de células normales a células anómalas de crecimiento no controlado. 
Esta enfermedad es la segunda causa de muerte en el mundo. En todos los tipos de 
cáncer, algunas de las células del cuerpo comienzan a dividirse sin parar y 
esparciendose a los tejidos circundantes, causando graves daños en los órganos y 
en la etapa final la muerte. El cáncer tiene un gran impacto en la sociedad, siendo la 
principal causa de morbilidad y mortalidad en todo el mundo; en 2012 había 
alrededor de 14 millones de nuevos casos y 8.2 millones de muertes relacionadas 
con el cáncer. Las estadísticas indican que en el 2016, que alrededor de 1.685.210 
de nuevos casos de cáncer serán diagnosticados en los EE.UU. y se estima que 
595.690 personas mueran por causa de esta enfermedad. El desarrollo de esta 
compleja enfermedad, comprende diferentes capacidades biológicas de los tumores 
adquiridas durante el desarrollo de múltiples etapas. Estas características 
constituyen un principio de organización para la racionalización de las complejidades 
de la enfermedad neoplásica. Estas etapas involucran múltiples mecanismos 
celulares que aún no son del todo entendidos. Hasta ahora, no se cuenta con una 
cura contra el cáncer y existe una gran preocupación por el aumento en el número 
de casos reportados y defunciones por la misma. A pesar de esto, existen muchos 
tratamientos para evitar la muerte temprana por la misma, aunque en su mayoría 
con efectos secundarios remarcables, tales como problemas cardiacos, pulmonares, 
endocrinos, del sistema nervioso, incluso generación de canceres secundarios como 
es el caso de los  tratamientos con quimioterapia o radioterapia, que en muchos 
casos deterioran la calidad de vida de los pacientes. 

La identificación de moléculas con la capacidad de inhibir la actividad de 
enzimas blanco en cáncer se plantea como una alternativa prometedora para el 
tratamiento de esta enfermedad. Los productos naturales (PNs), los cuales han sido 
ampliamente reportados  como una fuente promisoria para el descubrimiento de 
nuevos fármacos debido a su gran  diversidad molecular y baja toxicidad. Se conoce 
que el 50% de los compuestos utilizados para el tratamiento de cáncer son 
derivados de compuestos naturales. Sin embargo, los mecanismos responsables de 
su actividad hasta ahora no han sido elucidados con claridad, siendo esta 
información útil para el diseño racional de fármacos más efectivos y con menores 
efectos secundarios que los tratamientos utilizados hasta ahora. 
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Por todo lo anterior, es imperante la búsqueda de compuestos naturales con 
capacidad de modular la actividad de proteínas que soportan los procesos de 
formación y mantenimiento del cáncer. En este trabajo son presentados los 
resultados de una estrategia metodológica multidisciplinaria, que incluyo poderosas 
herramientas computacionales tales como acoplamiento molecular (AutoDock Vina, 
Surflex-Dock, SYBYL), mapeo farmacoforíco (LigandScout 3.0) combinadas con 
métodos estadísticos (análisis clúster, análisis discriminante lineal, regresión lineal, 
entre otros) para la búsqueda de compuestos naturales con actividad contra el 
cáncer. Diferentes ensayos de biología molecular fueron empleados para evaluar la 
interacción de compuestos naturales seleccionados como promisorios por métodos 
computacionales, con proteínas reportadas como blancos de cáncer tales como 
COX-2, iNOS y DNMT1. Adicionalmente fue evaluada la capacidad estos 
compuestos para unirse a albumina de suero humana (HSA). 

La evaluación in vitro de la actividad anti-metilante fue evaluada para los 
compuestos promisorios ácido gambógico, digoxina y floridzina mostrando que son 
activos contra la enzima DNMT1 (M.SssI). Siendo el ácido gambógico presentó un 
efecto inhibitorio más potente, la actividad inhibitoria fue obtenida en el siguiente 
orden de potencia: ácido gambógico> digoxina> floridzina. La digoxina y el ácido 
gambógico presentaron potentes actividades citotóxicas contra las líneas celulares 
de cáncer humano HT-29 y MCF-7, con valores bajos de IC50 (en el orden nM y μM). 
Por otro lado, efectos citotóxicos no fueron considerables para floridzina. 
Adicionalmente, métodos espectroscópicos fueron empleados para evaluar la 
interacción de HSA, conocido transportador de fármacos, con el  gambógico y la 
digoxina. Los datos obtenidos de las titulaciones medidas por métodos 
espectroscópicos UV-VIS, extinción de fluorescencia y dicroísmo circular revelaron 
la posible interacción de HSA con ácido gambógico y digoxina, siendo más favorable 
con ácido gambógico.   Los parámetros termodinámicos fueron calculados para los 
complejos HSA-ácido gambógico, y HSA-digoxina, residuos de interacción en el sitio 
de unión fueron predichos, mostrando interacciones estáticas. Los protocolos de 
acoplamiento molecular proteína-ligando soportaron la información obtenida de los 
parámetros termodinámicos. Los resultados revelaron que el ácido gambógico y 
digoxina podrían ser una plataforma para el descubrimiento de nuevos compuestos 
contra el cáncer, con mayor potencia, selectividad y con menores efectos 
secundarios, por vía de la  inhibición de ADN metiltransferasas. 
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CHAPTER 1. THESIS OVERVIEW 

 
Cancer is the leading cause of morbidity and mortality worldwide, multiple factors 

can cause this disease, such as environmental pollutans, UV radiation, heavy 
metals, endocrine disruptors, polycyclic aromatic hydrocarbons, among others. The 
searching for more effective cancer treatments counteracting the effects of these 
agents on cancer apparition is of concern and of great global interest. There is a high 
demand for natural compounds with chemo-preventive activities that may modulate 
biochemical mechanisms involved in the development of this disease. In this work, 
computational tools, were used to search natural compounds with modulatory effect 
on recognized protein targets in the signaling cascades of cancer formation, such as 
cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS) [1], and DNA 
methyltransferases (DNMTs) [2]. Protocols in molecular biological, cytotoxic assays 
and spectroscopic methods, were utilized for evaluation of natural compounds 
identified as promissory anticancer natural-drug. 

1.1 RATIONALE 

Cancer is a generic term covering a broad group of diseases which can affect any 
part of the body, also known as malignant tumors or malignancies [3-5]. One of its 
features is the rapid growth of abnormal cells that extend beyond its boundaries and 
metastasize invading adjacent parts of the body or spreading to other organs [3, 4]. 
Statistics data attributed 8.2 million deaths occurring worldwide in 2012. Lung cancer 
is the one with a higher number of deaths due to smoking. The main types of cancer 
and deaths are presented as following: lung (1.590.000); liver (745.000); Gastric 
(723.000); colorectal (694.000); breast (521.000); esophageal cancer (400.000) [6]. 
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Cancer formation can be defined as the result of interaction between patient 
genetic factors and three categories of external agents, namely: physical 
carcinogens, such as ultraviolet and ionizing radiation; chemical carcinogens, such 
as asbestos, components of snuff, aflatoxin or heavy metals [7]; biological 
carcinogens such as viruses, bacteria or parasites [8]. Ageing have been classified 
as another fundamental factor in the development of cancer. The incidence of cancer 
increases greatly with age, most related with accumulate risk factors for certain 
cancers [9]. 

The developing of cancer depend on many factors, being smoking, alcohol, 
unhealthy diet and physical inactivity the main risk factors for cancer worldwide. 
Some chronic infections are also risk factors, and are more important in middle 
income and low income countries. The hepatitis B virus (HBV), hepatitis C (HCV) and 
some types of human papillomavirus (HPV) increase the risk of liver cancer and 
uterine neck cancer [10]. HIV infection also significantly increases the risk of some 
cancers, such as cervical [11]. The age-standardized rate for all cancers in the world 
(excluding non-melanoma skin cancer) for men and women was 182 per 100.000 
people in 2012. The rate was higher for men (205 per 100.000) than women (165 per 
100.000). The highest cancer rate for men and women together was found in 
Denmark with 338 people per 100.000 being diagnosed in 2012. The age-
Standardized rate was 300 per 100.000 at Least for nine countries (Denmark, 
France, Australia, Belgium, Norway, United States of America, Ireland, Republic of 
Korea and The Netherlands) [12]. The countries in the top ten come from Europe, 
Oceania, Northern America and Asia. All cancers involve the malfunction of genes 
that control cell growth, division, and death. However, most of the genetic 
abnormalities that affect cancer risk are not hereditary (inherited from parents), but 
instead result from damage to genes (mutations) that occur throughout a person’s 
lifetime [13]. Genetic damage may be due to internal factors, such as hormones or 
the metabolism of nutrients within cells, or external factors, such as tobacco, 
chemicals, and sunlight [14]. These nonhereditary mutations are called somatic 
mutations. It is estimated that about 5% of all cancers are strongly hereditary. Most 
cancers evolve through multiple changes that result from a combination of hereditary 
and environmental factors [13]. 

Cancer diseases could be prevented through known interventions, including 
vaccines, antibiotics, improved sanitation, or education. Some cancers (colorectal 
and cervix) can be avoided by detection and removal of precancerous lesions 
through regular screening examinations by a health care professional [15, 16]. Early 
detection of cancer is important because it provides a greater chance that treatment 
will be successful. Cancers that can be detected at an early stage through screening 
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include breast, cervix, colorectal, prostate, oral cavity, and skin [17]. However, 
screening has been proven to be effective in reducing the mortality for only breast, 
cervical, and colorectal cancers [18]. Screening and treatment services for most of 
these cancers are not available in developing countries because of limited resources. 

Cancer present a great complexity, cancer cells exhibit distinct attributes by tumors 
grow and metastasize to distant organs. Logical framework to identify the 8 hallmark 
features that distinguish a tumor cell from its nonmalignant counterpart have been 
definied [19], these hallmarks have helped the oncology community appreciate the 
underlying biological principles operating in a tumor cell. This hallmark including, 
activating invasion and metastasis, enabling replicative immortality, evading growth 
suppressors and immune destruction, genome instability and mutation, inducing 
angiogenesis, reprogramming energy metabolism, evading cell death, sustaining 
proliferative signaling and tumor-promoting inflammation [19-21]. 

Natural products have been reported to have important role in the discovery and 
development of drugs for cancer disease treatment. About 50% of current cancer 
therapeutics are derived from natural sources [22]. However, the efficacy of natural 
extracts in treating cancer has not been explored extensively. Scientific research into 
the validity and mechanism of action of these products is needed to develop natural 
heath drugs for cancer therapy. Several studies have reported the introduction of 
new natural compounds from traditional medicine to the forefront of modern 
medicine, in order to provide safer and cheaper complementary treatments for 
cancer therapy; as well as, possible improvement of  quality of life  for patients with 
cancer [23]. 

New researches aimed at finding innovative treatments are required in order to 
reduce high indices of morbidity and mortality of this disease [24, 25]. Understanding 
the cellular and molecular mechanisms regulated by cancer targets provide more 
opportunities for finding new therapies for cancer [26]. Recent studies have 
evidenced that inactivation of tumor suppressors via methylation of DNA is an 
important process in cancer malignance [27, 28], also activation eukaryotic 
transcription factors, such as nuclear factor-kappa (NF-κB), activator protein-1 (AP-1) 
and signal transducer and activator of transcription 3 (STAT3) [1, 29, 30]. 
Pharmacological targets involved in carcinogenesis, such as ciclooxygenase-2 
(COX-2), inducible nitric oxide synthase (iNOS) [1, 29], and DNA methyltransferases, 
have been extensively reported. 

The identification of new molecules with the ability to inhibit the activity of these 
enzymes is a promising solution. Being natural products qualified as a promising 
source of drugs because their large molecular diversity and low toxicity [31]. Recent 
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studies conducted using polymers and polymeric natural products reveal new 
technology perspectives for cancer treatment, these compounds include quercetin 
[30, 32], doxorubicin [33], curcumin [34, 35], kaempferol [36], 5-aminolevulinic acid 
[37], among others [38], although their mechanisms of action are not fully known. 
Searching of bioactive compounds for cancer treatment has become a priority. New 
approaches based on computational chemistry have been applied in the field of drug 
discovery in recent decades [39-41], where protein-ligand molecular docking has 
been widely accepted, being widely used for virtual screening of databases on a 
specific receptor [42-44]. In this work virtual screening on several databases from 
natural compounds was performed in order to identify new natural products capable 
of interacting with three important proteins involved in cancer signaling processes 
(COX-2, iNOS and DNMT1), with subsequent in vitro evaluation as anticancer and 
interacting with human albumin. These results could be a new window for the design 
of more potent and specific compounds in the treatment of UV-induced cancer. 

1.2. HYPOTHESIS 

Natural bioactive compounds may inhibit the activity of cancer related proteins 
such as COX-2, iNOS and DNMTs. 

1.3. PERTINENCE 

Cancer is a disease that has a major impact on society, being the major cause of 
morbidity and mortality worldwide; in 2012 there were about 14 million new cases 
and 8.200.000 cancer-related deaths [12]. In 2016, an estimated 1.685.210 new 
cases will be diagnosed cancer in the US and it is expected that 595.690 people die 
from this disease. Statistical records show that the most common cancers in 2016 
will be breast, lung and bronchus, prostate, rectal, colon, bladder, melanoma of skin, 
non-Hodgkin lymphoma, thyroid, kidney and renal pelvis, leukemia, endometrial and 
pancreatic [45].  

In Colombia, between 1997 and 2012, the number of cancer deaths increased by 
33%, now representing 15% of cancer deaths in men and 20% in women. In the 
same period, the total years of life lost due to cancer disease increased by 25.1% in 
men and 31.1% women. The largest increases (> 40%) were colon and rectum, 
pancreas and kidney cancer in both sexes; melanoma and bladder cancer for men 
and breast and ovarian cancer for women, [46-48]. Recently, Hodgkin lymphoma 
have been reported, with 819 new diagnosed patients. Nighty-nine (12 %) of them 
had Hodgkin lymphoma (HL) and 720 (88 %) had non-HL. All survival rates at 
3 years were 77 % for HL and follicular lymphoma, 54 % for Diffuse large B-cell 
lymphoma (DLBCL), the most common form of non-HL, and 45 % for T cell 
lymphomas [49]. A total of 4.736 cervical cancer new cases were diagnosed with an 
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incidence of 21.5 per 100.000 people. In this year, mortality rate was 10.0 per 
100.000 people in 2008 [50].  

Skin cancer has not been a priority public health in Colombia in part because of 
their low mortality (approximately 1 death per 100.000 population per year). 
According to reports from other countries, however, skin cancer is a major public 
health problem in terms of mortality and healthcare costs. Based on program data 
US Social Security, Medicare, skin cancer costs represent more than $ 426.000.000 
by year, being one of more expensive 5 types of cancer in the United States [51]. In 
England, in 2008 the average cost per case of non-melanoma skin cancer was £ 889 
and £ 1226, respectively. It is estimated that the cost to the NHS for skin cancer will 
be over £ 180 million in 2020 [52]. In Colombia, skin cancer is more prevalent than 
other types of cancer. In 2002, according to the National Cancer Institute, skin 
cancer was 663 cases among other cancers [53]. During 2003 to 2005 a study 
conducted in the Dermatological Center Federico Lleras Acosta, Bogota Colombia, 
reported an increase in the number of diagnosed cases (168.659), of which 2.184 
were for malignant skin tumors. In 2005 was reported an increase for basal cell 
cancer of 7 cases by 1.000 compared to 2003. In the case of melanoma, increased 
from 2.7 per 10.000 in 2003, to 13 per 10.000 in 2005 [54]. 

According to the Institute of Hydrology, Meteorology and Environmental Studies 
of Colombia. (IDEAM), the values of atmospheric ozone in Colombia are below levels 
assumed as a minimum for the entire country, confirming solar ultraviolet radiation as 
a risk of serious consideration for the future development of skin carcinogenesis [55]. 
Nevertheless, the National Plan for Cancer Control in Colombia 2010-2019, claimed 
to have no magnitude data of cases of skin cancer in the country, excluding it from 
the estimated values. However, it is considered the cancer with highest incidence in 
Colombia.  

Despite advances in early diagnosis and treatment, cancer is a major cause of 
death in Colombia, with a growing impact on population health. New strategies are 
necessary to reduce the number of death per year. Recent studies propose different 
target proteins important in carcinogenesis processes, such as DNA 
methyltransferases as important regulators of cell function epigenetic [1, 56, 57] as 
well as inflammation-promoting proteins such as COX-2 and iNOS [58, 59], 
suggesting that inhibition of these proteins may be useful cancer treatment. Natural 
compounds have been reported as promissory source for drug discovery. About 50% 
of current cancer therapeutics are derived from natural sources. Paclitaxel, a natural 
compound, isolated and structurally elucidated for the first time in the late 1960s from 
the stem bark of western yew (T. brevifolia Nutt.) discovered as agent that acted by 
promoting the irreversible assembly of tubulin into microtubules [60]. Paclitaxel is 
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approved for the cancer treatment. However, its market price is very high at $ 
600.000 per kg [61]. The searching for compounds capable of inhibiting cancer 
related target, remains a subject of great interest worldwide being natural 
compounds, known by its capabilities and assimilation by the human body, a good 
alternative. For all these aspects, the international scientific community has focused 
its efforts on the search for new sources of naturally occurring active ingredients as 
potential anti-cancer [62-64]. 

1.4. OBJECTIVES AND THESIS STRUCTURE 

This work was performed in order to identify natural compounds that may interact 
with targets protein involved in cancer. The content was structured in four main 
steps, as follows: 

 Identification of natural compounds that interact with COX-2. 

 Searching of natural compounds with potential modulation on iNOS activity. 

 Virtual screening for identification of natural compounds as inhibitors of 
DNMTs. 

 Evaluation in vitro of natural compounds as inhibitors of DNMT1, 
antineoplastic activity, and its interaction with human albumin by 
spectroscopic methods. 

Chapter 2, entitled as introduction, describe the main aspects and state-of-the-art 
knowledge on cancer mechanism, the role of natural compounds as 
chemopreventive agents, and explanation of different methods used to search 
promising compounds for cancer prevention and treatment. The subsequent 
chapters (1-5) shown the abstract, materials and methods, results and discussions, 
and conclusions of each single step. The main contributions of this thesis project are 
presented in Chapter 7, entitled conclusions and final remarks. 

In Chapter 3, the interaction of bioactive natural products present in the diet was 
evaluated on COX-2, by in sílico approach utilizing AutoDock Vina, GOLD and 
Surflex-Dock (SYBYL-X) docking programs. Theoretical affinity for reported COX-2 
inhibitors significantly correlated with reported median inhibitory concentrations. 
Moreover, synergistic action of curcumin on celecoxib-induced inhibition of COX-2 
may occur allosterically, as this natural compound docks to a place different from the 
inhibitor binding site. 

Natural compounds commonly found in foods were identified in Chapter 4 as 
potential modulators of inducible nitric oxide synthase (iNOS), employing AutoDock 
Vina molecular docking protocols. Results presented here indicated some chemicals 
presented in food may be acting by direct on iNOS enzyme. 
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Advanced computational tools were performed for searching of new DNMTs 
inhibitors from natural compounds in Chapter 5. A classifier LDA-based QSAR model 
for classification of active/inactive 800 natural molecules from natural compounds. 
Subsequent docking calculations were performed on DNA methyltransferase 
(DNMTs) structures by AutoDock Vina and Surflex-Dock, this method is proposed as 
a computational strategy for identifying DNMTs inhibitors, with application in the 
identification of new anticancer drugs. 

Finally, in Chapter 6, the anticancer activity of natural DNA methyltransferase 
inhibitors and interaction with human serum albumin were evaluated. Natural 
products, gambogic acid, phloridzin and digoxin, identified in silico with potential to 
interact with DNMTs were evaluated by in vitro assays for DNA methylation inhibi 

tion and cytotoxic activity, and  the interaction of these natural compounds with 
human serum albumin was studied using spectroscopic methods (UV-VIS, 
quenching of fluoresce and circular dichroism) and molecular docking protocols. 
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CHAPTER 2. INTRODUCTION TO THE CANCER 

 

2.1. CANCER OVERVIEW 

2.1.1 Definition 

Cancer is a group of diseases characterized by uncontrolled growth and 
propagation of abnormal cells causing death in most patients. This disease can be 
caused by external factors (snuff, chemicals, radiation and infectious organisms) and 
internal factors (hereditary, hormones, immune conditions, and mutations in 
metabolism) [65-67]. Also, combinations of these initiate or promote carcinogenic 
processes. In most cancers, development requires several stages taking place for 
many years. Cancer is the second leading cause of death worldwide. In 2012, more 
than 14 million new cases of cancer worldwide were diagnosed (Figure 2.1). Overall 
statistics stimate this number will reach 19 million by 2025 [68]. Currently, the 
number of people who die by cancer are more than twice than those die by AIDS, 
malaria or tuberculosis. 
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Figure 2.1. Reported deaths from Cancer worldwide, 2012. 

2.1.2 Cancer cells and cancer stem cells 

Cancer cells are the basis of disease; initiate cells and tumor progression, leading 
oncogenic mutations of tumor suppressor genes that define cancer as a genetic 
disease [69]. Cancer cells within tumors have been described as reasonably 
homogeneous population cells to tumor progression [70]. Many human tumors are 
histologically different, presenting regions defined by different degrees of 
differentiation, proliferation, vascularity, inflammation, and/or invasiveness [71]. In 
recent years, however, they have accumulated evidence pointing to the existence of 
a new dimension of intratumoral heterogeneity and a subclass of neoplastic cells 
within tumors, called cancer stem (CSC) cells [72]. 

2.1.3 Proposed cancer development mechanisms 

Recent studies have identified hallmark features that promote carcinogenic 
processes. Together these distinctive features provide extensive mechanistic 
framework which explain the transformation multistage carrying a normal cell to its 
lethal metastatic counterpart (Figure 2.2) [73]. Cancer mainly includes six biological 
skills during their development, which constitute an organizing principle for the 
rationalization of its complexity. These features include activating invasion and 
metastasis, enabling replicative immortality, evading growth suppressors, evading 
immune destruction, genome instability and mutation, inducing angiogenesis, energy 
metabolism reprogramming, evading cell death, sustaining tumor proliferative 
signaling and inflammation-promoting [19]. In addition to cancer cells, some tumors 
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contain an apparently normal recruited cells that contribute to the acquisition of the 
distinctive features in the tumor microenvironment used to develop new ways for  
cancer treatment [19, 20]. 

 

Figure 2.2. A basic mechanism of cancer development. Rad54B instead inactivates the 
arrest and promotes cell cycle progression. 

2.2. DNA METHYLATION IN SKIN CANCER 

Changes in DNA methylation have been examined in squamous cell carcinoma. 
Global hypomethylation increase in advanced cancer. The silencing of tumor 
suppressor genes, including MLH-1, BRCA1 and MGMT hypermethylation 
associated with CpG islands is an early event in skin carcinogenesis murine. 
However, DNA hypermethylation is also seen in the disease progression [74, 75]. 
Changes in DNA methylation also observed in human melanoma, through 
hypermethylation of tumor-related, including WIF1, TFPI2, RASSF1A genes, and 
SOCS1 have been associated with advanced melanoma [76].These changes affect 
the expression of a large number of genes. However, the impact of altered 
expression of individual genes is not entirely clear [74]. These studies indicate that 
alterations in DNA methylation is an important epigenetic event in melanoma and 
non-melanoma skin that contributes to the progression of the disease, although there 
is not enough information to understand the role of individual changes in gene 
expression of the disease [77]. In addition, other mechanisms have been proposed, 
including nuclear factor-kappa (NF-κB), activator protein-1 (AP-1) and signal 
transducer and activator of transcription 3 (STAT3), as well as, inflammatory enzyme 
ciclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) [1]. 
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2.3. MOLECULAR PROTEIN-LIGAND DOCKING 

The discovery of naturally bioactive compounds with anti-cancer properties 
represents one of the efforts in recent decades, in order to develop therapeutic 
treatments for this disease of high incidence worldwide. In drug discovery 
methodologies, the information about the potential activity compound promissory, 
usually is directed to the structural basis from receptor and ligand through a protocol 
of molecular docking (Figure 2.3), as first step prior to experimental evaluation [78], 
the most commonly used programs for this purpose are GOLD [79], Surflex-Dock 
[80] and AutoDock Vina [81].Being AutoDock Vina the most widely used one for this 
purpose. 

 
Figure 2.3. Schematic representation for molecular docking protocols. Computational 

tools combined with statistical methods facilitate and increase the probability of success in the 
selection of promisory compounds. 

2.3.1 GOLD (Genetic Optimization for Ligand Docking). 

This program uses a scoring function called convenience (fitness) to classify 
different modes of ligand binding to the protein. It consists of four terms: a) the score 
hydrogen bonds protein-ligand, b) score Van der Waals force protein-ligand, c) the 
contribution to the convenience due to intramolecular hydrogen bonds in the ligand 
and d) the contribution due to the intramolecular ligand tension. It also has a 
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mechanism for positioning the ligand in the binding site with attachment points, and 
finally uses a search algorithm to explore possible binding modes [79]. 

2.3.2 Surflex-Dock (Sybyl Program) 

Surflex-Dock, uses a function of empirical score and patented search engine to 
find the ligand binding site of the protein. Surflex-Dock has an idealized active site of 
the ligand to the protein called protomol target to generate putative poses molecules 
or molecular fragments. These putative poses are scored using the scoring function 
"Hammerhead" which also serves as a function of local optimization of poses. The 
results of the coupling for all molecules are organized according to the total score 
"Total score" represented in -log (Kd), Kd is the dissociation constant [80]. 

2.3.3 AutoDock Vina 

AutoDock Vina, is a program used for molecular docking and virtual screening, 
which combines some of the advantages of functions based on empirical knowledge 
and scoring functions: empirical information is extracted from both the conformational 
preferences of the receptor-ligand complex and experimental measurements of 
affinity. Ligands are classified based on a scoring function of energy, to accelerate 
the score calculation, thought a grid based on protein-ligand interaction [81]. 

2.4. NATURALLY OCCURRING COMPOUNDS AND THEIR APPLICATION IN 
MEDICINE 

The natural compounds have been widely used in traditional medicine, 
considered as a viable option for the development of new drugs alternative, 
becoming a valuable long-term source leading to the discovery of new and effective 
drugs. Statistical data show that natural bioactive compounds and their derivatives, 
contribute about one-third of the drugs most currently sold on the market [82]. 

Natural bioactive compounds in fruits and vegetables (Figure 2.4), have been 
considered as promising options for different clinical trials aimed at finding 
alternatives for the prevention of diseases involving inflammatory processes in some 
stage, such as cancer [83, 84]. Many of these natural bioactive dietary compounds 
have been reported with important pharmacological effects, which can significantly 
alter the activity of therapeutic agents function by modulating biochemical pathways 
[85]. There have been numerous therapeutic areas benefited greatly by the rich 
diversity of scaffolds for drugs generated by the study of physicochemical properties 
of natural products, due to their ability to interact with many specific drug targets 
within the cell and indeed in recent years have been a source of inspiration for most 
models applied drugs on diseases with high incidence worldwide, mainly in 
inflammatory and carcinogenic diseases [86]. 
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Figure 2.4. Some bioactive compounds and their natural sources. 

2.5. MOLECULAR BIOLOGY ASSAYS (PCR/RFLP) 

Molecular biology techniques are those used to isolate or extract high-purity DNA, 
analyze it to see their status, cut and paste (birth of genetic engineering), amplifying 
a region in an enormous number of molecules (cloning fragments bacteria or other 
vectors such as viruses and PCR) [87], cutting a region with restriction enzymes to 
see if a mutation is present or a restriction site is lost (mutation analysis by RFLP or 
restriction fragment length polymorphism), mean differences in the sizes of the 
restriction fragments due to polymorphisms in DNA, among others [88]. 
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Innumerable applications of these techniques and perhaps the most commonly 
used today is PCR, followed by restriction enzymes and detection of fragments on a 
gel or followed by a polyacrylamide gel having more definition for separating 
fragments with few bases of differences [89-92]. When both PCR and restriction 
enzymes analysis are used, they are called PCR/RFLP (Polymerase Chain Reaction 
- Restriction Fragment Length Polymorphism). These techniques can be used for 
detecting alleles of a normal and mutated gene (inherited diseases) or to distinguish 
bacterial or viral strains or more favorable alleles for a characteristic of interest 
productive then apply to the selection [88]. 

2.6. CELL VIABILITY ASSAYS 

Cellular cytotoxicity is defined as a change in basic cellular functions leading to a 
damage which may be detected. From this occurs, different authors have developed 
batteries in vitro tests to predict the toxic effects of drugs and chemicals, using 
experimental models and primary cultures isolated from organs as established cell 
lines [93]. Among the most known and already validated tests are testing Neutral 
Red Uptake, kenacid binding to blue and finally the reduction assay bromide 3-(4,5 
dimethylthiazo-2-yl) -2,5 diphenyltetrazolium (MTT) [94]. 

2.6.1 MTT Assays 

This is a method used to determine cell viability, given by the number of cells 
present in the culture which is able to be measured by the formation of a colored 
compound, due to a reaction that takes place in the mitochondria of viable cells. The 
MTT [3-(4, 5-dimethyl-2-thiazolyl) -2, 5-diphenyl -2H- tetrazolium bromide]-is taken 
up by cells and reduced by mitochondrial succinic dehydrogenase enzyme to a 
formazan insoluble form [94]. The reaction product, formazan is retained in the cells 
and can be released by solubilizing them [95]. Thus, it is quantifyed the amount of 
reduced MTT by a colorimetric procedure that occurs as a result of the discoloration 
reaction from yellow to blue [96]. 

2.7. SPECTROSCOPIC METHODS USED TO EVALUATE PROTEIN-LIGAND 
INTERACTIONS 

Spectroscopy is the study of interaction of electromagnetic radiation with atoms 
and molecules. These interactions, which include absorption or emission, are highly 
sensitive testing of atomic and molecular structures [97]. A briefly definition of 
spectroscopic techniques used in this work for evaluation of human serum albumin 
with natural compounds is presented below. 
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2.7.1 UV-VIS Spectroscopy 

The ultraviolet-visible spectrophotometry or UV-Vis spectrometry involves photon 
spectroscopy in the region of ultraviolet-visible radiation. This technique is 
complementary to fluorescence spectrometry, dealing with transitions from the 
excited state to the ground state, while the absorption spectroscopy is measured 
from ground state to the excited state [98]. These properties make to UV-VIS 
spectroscopy applicable for the study of protein-ligand interaction. 

2.7.2 Fluorescence Spectroscopy 

Fluorescence Spectrometry (also called fluorometry or spectrofluorometry) is a 
type of spectroscopy that analyzes fluorescence of a sample. A beam of light is used, 
usually ultraviolet light, which excites the electrons of the molecules of certain 
compounds and causes them to emit light of a lower energy, visible light generally 
(but not necessarily). A complementary technique is the UV-VIS spectrometry. 
Fluorescence spectroscopy can be inferred about the interaction of a ligand with a 
protein or macromolecule as well as the calculation of different thermodynamic 
parameters that generate information about the type of interaction in a particular 
system. [99]. 

2.7.3 Circular Dichroism 

It is the differential absorption by an asymmetric molecule (in our case, the 
polypeptide chain) of two circularly polarized light beams (left and right) direction is 
measured through the ellipticity parameter (θ, theta), an angle it is measured in 
degrees. Plane-polarized light becomes elliptical by effect of an optically active 
chromophore. The asymmetry of the chromophores in proteins (amides, aromatic 
groups and S-S bridges) is induced by interaction with neighboring groups and 
estimate secondary structure content detect conformational changes measure ligand 
binding [100]. This spectroscopic technique has been usefull in prediction of 
canonical secondary structure contents for proteins based on empirically-defined 
spectroscopic signatures derived from proteins with known three-dimensional 
structures [101]. 
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CHAPTER 3. POTENTIAL INTERACTION OF NATURAL DIETARY 

BIOACTIVE COMPOUNDS WITH COX-2 

 

3.1. ABSTRACT 

Bioactive natural products present in the diet play an important role in several 
biological processes, and many have been involved in the alleviation and control of 
inflammation-related diseases. These actions have been linked to both gene 
expression modulation of pro-inflammatory enzymes, such as cyclooxygenase 2 
(COX-2), and to an action involving a direct inhibitory binding on this protein. In this 
study, several food-related compounds with known gene regulatory action on 
inflammation have been examined in silico as COX-2 ligands, utilizing AutoDock 
Vina, GOLD and Surflex-Dock (SYBYL) as docking protocols. Curcumin and all-trans 
retinoic acid presented the maximum absolute AutoDock Vina-derived binding 
affinities (9.3 kcal/mol), but genistein, apigenin, cyanidin, kaempferol, and 
docosahexaenoic acid, were close to this value. AutoDock Vina affinities and GOLD 
scores for several known COX-2 inhibitors significantly correlated with reported 
median inhibitory concentrations (R2=0.462, P<0.001 and R2=0.238, P=0.029, 
respectively), supporting the computational reliability of the predictions made by our 
docking simulations. Moreover, docking analysis insinuate the synergistic action of 
curcumin on celecoxib-induced inhibition of COX-2 may occur allosterically, as this 
natural compound docks to a place different from the inhibitor binding site. These 
results suggest that the anti-inflammatory properties of some food-derived molecules 
could be the result of their direct binding capabilities to COX-2, and this process can 
be modeled using protein-ligand docking methodologies. 
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3.2. INTRODUCTION 

Foods have small amounts of bioactive compounds that act as extra nutritional 
constituents [1]. The diversity of these chemicals is large and some of the most 
representative include flavonoids, isothiocyanates, proanthocyanidins, terpenoids, 
carotenoids, anthocyanins, and omega-3 polyunsaturated fatty acids, among many 
others [2]. The presence of these natural bioactive molecules in fruits and foods has 
been considered relevant, not only due to their unique organoleptic properties, but 
also because of their beneficial effects on human health, as demonstrated in 
numerous studies [3,4]. A recent review paper by Pan et al [2], detailed how natural 
bioactive compounds exert their anti-inflammatory activities by modulating gene 
expression of diverse inflammation-related genes. However, it is also well known that 
some anti-inflammatory molecules carry out their action by directly inhibiting 
inflammatory proteins such cyclooxygenase 2 (COX-2) [5]. This enzyme catalyzes 
the first step in the synthesis of prostaglandins, thromboxanes and other eicosanoids 
in several inflammatory processes [6]. 

Although several natural products have been shown to modulate COX-2 
expression [7,8,9], it is not clear if those are able to directly interact with the gene 
product or its modulating transcription factors. Computational chemistry offers the 
possibility to explore these interactions through protein-ligand docking procedures. 
Docking methods are valuable tools for drug development, and most current 
approaches assume a rigid receptor structure to allow virtual screening of large 
numbers of possible ligands and putative binding sites on a receptor molecule [10].  
Among those tools used for this purpose are AutoDock Vina, GOLD and Surflex-
Dock (SYBYL) [11,12,13]. Docking strategies generate binding or affinity scores for 
different sites and poses on targets, and the protein ‘hits’ identified by using this 
method can serve as potential candidates for experimental validation [14,15]. 

In this study, docking methodologies were used to test the ability of 29 natural 
bioactive compounds, isolated from different food sources, to bind COX-2. In 
addition, ligands known to bind COX-2 were submitted to docking protocols to 
establish relationships between their biological activity and the predicted binding 
affinities. 

3.3. MATERIALS AND METHODS 

3.3.1. Protein and ligand structure preparation 

Experimental coordinates of three COX-2 structures (PDB_codes: 1CX2, 1PPX 
and 1CVU) were obtained from Protein Data Bank (PDB) [16] and prepared with 
SYBYL 8.1.1 package [17]. Anti-inflammatory natural products chosen to perform this 
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study were those reported to modulate expression of genes related to inflammation 
[2]. All these chemicals are present in foods and vegetables (Table 3.1), and they 
have been proven to have good anti-inflammatory properties. Structures were drawn 
with SYBYL 8.1.1 package, exactly as presented by Pan 2009, and optimized using 
DFT at the B3LYP/6-31G level, and calculations were carried out with Gaussian 03 
package program [18]. The resultant geometry was translated to Mol2 format with 
Open Babel [19]. To determine structural similarities between 1CX2, 1PPX and 
1CVU, a molecular superposition was conducted using SYBYL 8.1.1 program. 

Table 3.1. Evaluated natural products and their sources. 

Compound Dietary source Reference 

Apigenin Celery [20] 
Tangeretin Citrus peel [21] 

Silybinin  Milk thistle [22] 

Cyanidin Cherries [23] 

Delphinidin Dark fruits [24] 

Genistein  Soybean [25] 

Epicatechin and 
epigallocatechin-3-gallate 

Green tea 
[26] 

Naringenin Citrus peel [27] 

Quercetin and Kaempferol Broccoli [28] 

5-hydroxy-3,6,7,8,3',4'-
hexamethoxyflavone 

Citrus peel 
[29] 

Curcumin Turmeric powder and curcuma [30,31] 

Resveratrol Grape skins and red wine [32] 

[6]-gingerol and [6]-shogaol Ginger [33] 

Carnosol Rosemary [34] 

Pterostilbene Blueberries [35] 
Benzyl isothiocyanate and 

Phenethyl isothiocyanate 
Cabbage 

[36] 

Sulforaphane Cabbage [37] 

Proanthocyanidins Berries [38] 

All-trans retinoic acid Carrot, peppers and broccoli [39,40] 

Menthone Mentha [41] 
Lycopene and β-carotene  Tomato and carrot [42,43] 

Lutein Spinach and eggs [44] 
Eicosapentaenoic acid and 

Docosahexaenoic acid 
Fish and fish oil 

[45,46] 
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3.3.2. Protein-ligand docking calculations 

The feasibility of natural compounds to be ligands for COX-2 structures was 
evaluated using molecular docking. This was performed utilizing three different 
programs that rely on several distinct scoring functions to evaluate the performance 
of the protein-ligand docking: AutoDock Vina, Surflex-Dock (SYBYL) and GOLD 
program. 

AutoDock Vina combines some advantages of knowledge-based potentials and 
empirical scoring functions: it extracts empirical information from both the 
conformational preferences of the receptor-ligand complex and from experimental 
affinity measurements. Ligands are ranked based on an energy scoring function and, 
to speed up the score calculation, a grid-based protein-ligand interaction is used [11]. 
The docking site for the ligands on 1CX2, 1PXX and 1CVU  was defined by 
establishing a cube at the geometrical center of the native ligand present in each one 
of the evaluated PDB structures, with the dimensions 24 × 24 × 24 Å, covering the 
ligand binding site with a grid point spacing of 0.375 Å.  The coordinates X, Y and Z 
for 1CX2 from center grid boxes were 25.374, 21.657 and 17.292; for 1PXX 27.058, 
24.431 and 15.437, and finally for 1CVU 25.277, 22.358 and 49.308, respectively. 
Ten runs were performed per each ligand, and for each run the best pose was 
saved. Finally, the average binding affinity for best poses was accepted as the 
binding affinity value for a particular complex. 

GOLD utilizes a score function called fitness to rank different binding modes. It 
comprises four terms: the protein–ligand hydrogen-bond score, the protein-ligand 
van der Waals score, the contribution to the fitness due to intramolecular hydrogen 
bonds in the ligand and the contribution due to intramolecular strain in the ligand. It 
also has a mechanism for placing the ligand in the binding site using fitting points; 
and finally, it uses a search algorithm to explore possible binding modes [12]. The 
docking site was defined for each structure (1CX2, 1PXX and 1CVU) using the same 
coordinates X, Y and Z employed to localize the binding site with AutoDock Vina. A 
radius sphere of 10 Å was defined around the geometrical center of the native ligand 
for each evaluated protein. For each independent algorithm run, a maximum number 
of 125.000 operations were performed. Operator weights for crossover, mutation, 
and migration were set in mode auto, the maximum distance between hydrogen 
donors and fitting points was set to 3.0 Å, and non-bonded Van der Waals energies 
were cut-off at 6.0 Å. 

The Surflex-Dock module of SYBYL is a molecular docking unit that performs 
flexible alignments. Its results are presented as both docking accuracy and screening 
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utility [13]. The docking procedure was started with the protomol generation. The 
protomol was created using a ligand-based approach (native ligand for each COX-2 
structure). Proto_threshold was set to 0.5 and proto_bloat was left at 0 as a default 
parameter. For each protein-ligand pair, twenty top ranked docked solutions were 
saved and the Surflex-Dock score presented as the mean for these values. 

These docking platforms were also used to calculate docking scores for COX-2 
inhibitors, SC558 and diclofenac, as well as for the natural substrate arachidonic 
acid. These molecules were also obtained from PDB. All protein-ligand docking 
calculations conducted on COX-2 proteins were performed using the inhibitor binding 
site on the crystal structure (PDB: 1CX2 and 1PPX) or the substrate binding site 
(PDB: 1CVU). These binding sites are the same in these COX-2 structures. In all 
cases, affinities were reported as the mean value obtained for 10 docking runs per 
ligand. 

3.3.3. Identification of residues interacting with the natural bioactive compounds 
on COX-2 binding site 

The identification of protein residues that interact with the natural bioactive 
compounds having the greatest affinities was carried out using LigandScout 3.0 [47]. 
This program creates simplified pharmacophores to detect the number and type of 
primary existing ligand-residue interactions on the protein active site. 
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3.3.4. Docking validation with biological data for COX-2 inhibitors 

The 2D structures and the biological data of 21 COX-2 inhibitors were obtained 
from the PubChem chemical library [48] and literature [49,50]. Docking procedures 
were performed with three docking tools:  AutoDock Vina, GOLD and Surflex-Dock 
[11,12,13], following the same protocols previously described for studied natural 
products. The biological data consisted of median inhibitory concentrations (IC50), 
and the details of the testing protocols and materials are available on PubChem 
BioAssay [48]. The relationship between AutoDock Vina-calculated affinities of 
inhibitors on the three tested COX-2 (average values) and experimental activity data 
(LogIC50) was performed by linear correlation [51], using Graph Instat Software 
(Version 3.06, 2003). 

3.3.5. Theoretical approach to study the synergistic effect between curcumin and 
celecoxib on COX-2 

It has been reported that curcumin acts synergistically with celecoxib in the 
inhibition of prostaglandin E2 synthesis by COX-2 [52, 53]. In order to gain insight in 
this process, we performed docking simulations on the whole COX-2 (3LN1) 
structure with both compounds. Aiming to evaluate if the curcumin shares the same 
binding site as celecoxib, a series of 500 AutoDock Vina docking runs were 
performed using the following docking parameters. The docking procedure on the 
3LN1 structure was performed by establishing a cube with the dimensions 60 × 84 × 
72 Å covering the whole protein (Chain A), with a grid point spacing of 1.0 Å, using 
as center of the grid box the protein itself. 

3.4. RESULTS AND DISCUSSION 

3.4.1. Structural similarities of COX-2 structures 

The superpositioning of the 3D COX-2 structures (PDB: 1CX2, 1CVU and 1PXX) 
as well as the RMSD values for each pair of them are presented in Figure 3.1. As 
can be seemed, these three-dimensional structures of COX-2 have only minor 
differences (sequence identity > 99.5 and RMSD < 0.507 Å). 
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Figure 3.1. 3D-Superposition of COX-2 structures (1CVU, 1PXX and 1CX2), showing 
sequence identity and RMSD values. *RMSD for the binding site. 

3.4.2. Docking calculations using AutoDock Vina, GOLD and SYBYL programs 

The docking affinities of natural products for different COX-2, as calculated by 
three distinct docking programs are presented in Table 3.2. Results indicate that 
compared to the examined natural products, AutoDock Vina-calculated binding 
affinities for SC558,  diclofenac (inhibitors) and arachidonic acid (substrate) were 
more consistent in terms of the magnitude of the expected predicted value, than the 
values generated for the scores calculated by GOLD and SYBYL. In the case of 
GOLD, the presence of the nitrogen seems to generate conflicting scores (negative 
values) for diclofenac, and high variability for binding scores obtained for the different 
COX-2 structures. SYBYL, on the other hand, also showed considerable variability 
for the scores obtained for the COX-2 structures. Therefore, successive calculations 
and discussions are referred solely to results provided by AutoDock Vina.  
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Table 3.2. Docking results for natural bioactive compound on three COX-2 structures. 

 PDB codes 

Protein Name: 
Cyclooxygenase-2 
(COX-2) 

1CX2 1PXX 1CVU 

Compound 
AVa 

Affinity 
(kcal/mol) 

G 
Fitness 

S 
Total 
Score 

AV 
Affinity 

(kcal/mol) 

G 
Fitness 

S 
Total 
Score 

AV 
Affinity 

(kcal/mol) 

G 
Fitness 

S 
Total 
Score 

Curcumin -8.4 51.41 7.60 -8.7 52.18 5.44 -9.3 52.62 7.03 
Silibinin -7.8 25.33 4.67 -3.6 44.59 0.79 -7.8 37.70 3.97 
Apigenin -8.4 47.99 5.24 -8.6 49.48 4.96 -8.9 48.68 6.08 
Genistein -8.4 43.42 4.49 -9.1 49.05 5.13 -8.8 48.03 5.15 
Naringenin -8.3 50.78 6.04 -8.4 49.66 5.89 -8.6 47.11 5.43 
[6]-Shogahol -8.0 54.43 9.10 -7.6 49.73 8.34 -7.8 53.17 7.02 
[6]-Gingerol -8.0 55.73 7.54 -7.6 46.76 8.24 -7.7 55.00 7.69 
Docosahexaenoic acid -7.7 63.84 9.10 -7.5 60.62 9.57 -8.8 64.05 10.73 
Cyanidin -7.6 46.71 5.25 -8.1 49.41 3.24 -8.9 51.37 5.70 
Quercetin -7.6 46.78 5.84 -8.1 49.55 4.57 -8.8 47.97 6.23 
Resveratrol -7.6 45.19 5.11 -8.0 47.15 6.49 -8.0 46.02 5.31 
Eicosapentaenoic acid -7.4 59.86 9.37 -7.5 58.10 8.98 -8.5 61.63 8.78 
Tangeretin -7.5 48.91 3.90 -7.7 65.16 6.82 -8.1 60.72 5.21 
Epicatechin -7.4 43.09 6.32 -8.5 47.23 5.19 -8.7 46.58 5.68 
Kaempferol -7.6 46.93 4.13 -7.9 48.48 3.85 -8.8 47.29 4.45 
Delphinidin -7.1 48.64 5.79 -8.1 49.77 3.84 -8.4 50.75 6.04 
Pterostilbene -6.9 49.10 6.94 -7.9 49.03 7.15 -8.2 48.09 6.79 
All-trans retinoic acid -7.2 36.84 5.08 -7.3 39.23 5.36 -9.3 46.28 6.90 
Carnosol -6.8 17.40 2.81 -5.6 44.06 4.33 -8.1 48.73 5.56 
Menthone -6.3 29.56 3.30 -6.6 30.11 4.15 -6.6 29.63 4.03 
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Table 3.2. continued          

Benzylisothiocyanate -5.9 39.73 2.83 -6.0 40.34 3.19 -6.1 39.02 2.95 
Phenethylisothiocyanate -6.1 44.28 4.42 -6.1 41.84 3.48 -6.5 38.86 3.29 
Epigallocatechin-3-
gallate 

-7.2 52.43 4.88 -6.7 54.01 3.26 -8.2 59.86 6.43 

B-Carotene -5.7 20.8 6.58 3.3 -103.52 5.60 -6.1 -21.11 6.66 
Lycopene -5.3 20.59 5.33 -5.6 21.64 3.20 -7.6 2.11 4.04 
5-Hydroxy-3,6,7,8,3',4-
Hexamethhoxyflavone 

-6.1 48.27 8.33 -6.7 55.94 9.59 -7.9 49.00 8.06 

Sulforaphane -4.4 45.61 3.38 -4.7 42.94 4.04 -4.8 43.43 3.72 
Lutein -3.9 31.69 4.99 3.6 -89.77 4.56 -5.6 -65.32 2.77 
Proanthocyanidin B2 -1.8 -44.04 2.70 3.8 -48.54 -1.26 -4.5 -39.79 1.15 
SC558 (Inhibitor) -10.7 51.75 6.03 -10.0 45.21 5.59 -10.1 43.44 4.55 
Diclofenac (Inhibitor) -8.0 -122.97 4.42 -8.6 -119.46 5.46 -8.8 -117.28 2.24 
Arachidonic acid 
(Substrate) 

-8.0 59.70 8.64 -7.5 58.18 9.58 -7.8 66.83 10.81 

a. Docking scoring function values calculated for each protein: AV, AutoDock Vina; G, GOLD; S, Surflex-Dock (SYBYL). 
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According to the AutoDock Vina-obtained affinity values (kcal/mol), several 
natural compounds are potential ligands for COX-2, with best scores obtained for 
PDB: 1CVU, including curcumin, all-trans retinoic acid (greatest docking scores, with 
identical mean absolute affinity value of 9.3 kcal/mol), as well as genistein, apigenin, 
cyanidin, kaempferol and docosahexaenoic acid. 

3.4.3. Interaction between residues in COX-2 and natural products 

The complex COX-2 (PDB: 1CVU) with curcumin and all-trans retinoic acid, as 
well as the interactions between residues in the protein binding site and these 
ligands are shown in Figure 3.2. Both ligands fit into the same binding site (Figure 
2A). 

 

Figure 3.2. 3D structure of COX-2(1CVU)-ligand complexes. (A) COX-2 bound to 
curcumin or all-trans retinoic acid (box). (B) Residues in the interaction COX-2-curcumin. (C) 
Residues in the interaction COX-2-all-trans retinoic acid. 

The most important residues on the 1CVU-curcumin complex (Figure 2B) are 
Met113, Val116, Ile345, Val349, Leu359, Leu384, Trp387, Phe518, Ala527, Val523, 
and Ser530. Most interactions are hydrophobic and aromatic in nature, except for 
Ser 530, which interacts with curcumin through a hydrogen bond. For the 1CVU-all-
trans retinoic acid complex (Figure 2C), relevant aminoacids are Phe205, Phe209, 
Val228, Val344, Tyr348, Val349, Leu352, Tyr385, Trp387, and Leu534, showing only 
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hydrophobic interactions with the ligand. Most of these residues have also been 
reported for chemicals having strong interactions with COX-2 [54,55]. The most 
favorable conformation resulted from the docking of curcumin into the active site of 
COX-2 is similar to that experimentally found for the COX-2 substrate arachidonic 
acid (Figure 3.3). Accordingly, it is plausible to suggest that curcumin may be 
exerting its action by acting as a competitive inhibitor of arachidonic acid during 
prostaglandin E2 synthesis by COX-2. 

Among many natural products with known anti-inflammatory properties, curcumin 

is one of the most commonly referenced [56-59]. It is a phenolic yellow pigment 

present in curry powder, which has been associated with beneficial effects on human 

health as a result of its consumption in food [2]. It has been shown that curcumin 

exhibits antioxidant, anti-inflammatory and pro-apoptotic activities. Other food-related 

phenolic compounds with anti-inflammatory properties have also been reported in 

grapes, peanuts, blueberries, cranberries and red wine [60]. 

 

Figure 3.3. Docking conformation of curcumin and arachidonic acid (experimental) on the 
active site of COX-2 (1CVU). 

All-trans retinoic acid is a terpenoid derived from the mevalonate and isopentenyl 

pyrophosphate pathway [61]. This compound has been used for the treatment or 

alleviation of inflammatory diseases [62]. Other molecules that docked into COX-2 

were genistein, apigenin, cyanidin and kaempferol. These are flavonoids commonly 

present in foods that have been used for the treatment of many diseases, mainly due 

to their anti-allergic, antiviral, anti-inflammatory and vasodilatory properties 

[63,64,65,66,67]. Similarly, docosahexaenoic acid has been reported to possess 

systemic anti-inflammatory effects and cardiovascular protection [68]. 
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Although values obtained by docking analysis should be considered just as a 

theoretical approximation, this information could be useful to explore possible 

mechanisms by which these chemicals behave as anti-inflammatory compounds, in 

particular if those could directly bind proteins such as COX-2. 

3.4.4. Relationship between biological activity of COX-2 inhibitors and protein-

ligand docking data 

In order to determine if affinity values calculated by AutoDock Vina, as well as the 
scores calculated by GOLD and Surflex-Dock, could be utilized as an indication of 
the likeliness of a compound to behave as a COX-2 inhibitor, a group of 21 active 
compounds with confirmed inhibition activity, reported in PubChem BioAssay 
database [48], were docked to COX-2 (PDB: 1CX2, 1PXX and 1CVU).  The 
PubChem chemical structure identifier (CID), biological activity (IC50), AutoDock Vina 
affinity values, GOLD and Surflex-Dock scores for these compounds, and the 
biological activity (LogIC50) are shown in Table 3.3.  The relationships between 
biological activity and docking data are presented in Figure 3.4. Results suggest that 
for all examined docking tools, COX-2 activity follows a linear relationship only with 
binding affinity (AutoDock Vina) and the docking scores from GOLD, being highly 
significant with the first one. Although the magnitude of the correlation was moderate 
(R2 = 0.462, P<0.001), this value is similar to that obtained for other docking studies 
[69]. 

Moreover, data showed that ligands with absolute affinities greater than 10 
kcal/mol have a better chance of interaction with COX-2. For instance, celecoxib, 
SC558, and 2,3-diarylphenyl sulfonamide have absolute affinity values greater than 
10 kcal/mol and low IC50. However, molecules with absolute affinities values around 
9 kcal/mol have also a good probability of acting as COX-2 inhibitors. This is 
reassured when biological data is revised for our food-derived COX-2 inhibitors that 
presented best affinity values. Median  inhibitory concentrations (IC50) tested in 
different cell lines for curcumin (range 2 µM to 15 µM) [70,71,72,73,74,75], all-trans 
retinoic acid (20.5 µM) [76], genistein (range: <15 µM to 200 µM) [77,78,79], 
apigenin (range: 8.04 µM to 50 µM) [77,80], cyanidin (range: 40 µM to 90 µM) 
[81,82], kaempferol (range: <15 µM to 50 µM) [77,80], docosahexaenoic acid (range: 
9.8 µM to 30 µM) [83,84], naringenin (7.9±1.9 µM) [85], [6]-Shogahol, (2,1 μM) [86], 
resveratrol (range: 3.06 μM) [87], eicosapentaenoic acid (7,1 µM) [83] are supporting 
evidence that these compounds can modulate COX-2 activity not only at mRNA but 
also at the protein level. 
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Table 3.3. Calculated affinities (AutoDock Vina), binding scores values (GOLD and SYBYL) and median inhibitory concentrations [IC50] 
for selected COX-2 inhibitors. 

COX-2 structure PDB_code:1CX2 PDB_code:1PXX 

COX-2 Inhibitor 
AV 

Affinity (kcal/mol) 
G 

Fitness 

S 
Total 
Score 

     AV 
 Affinity  

(kcal/mol) 

G 
Fitness 

S 
Total 
Score 

Valdecoxib (AID: 162347) -9.5±0.0 65.86±0.02 4.80±0.00 -8.5±0.0 61.78±0.02 4.62±0.00 

Celecoxib (AID: 270014) -10.8±0.0 68.42±0.02 6.63±0.00 -9.7±0.0 65.53±0.06 8.14±0.00 

Meloxicam (AID: 162326) -7.4±0.1 35.65±0.62 5.96±0.00 -7.0±0.0 38.51±0.15 3.90±0.00 

Piroxicam (AID: 162326) -8.3±0.0 39.06±0.04 3.54±0.00 -8.0±0.0 35.07±0.24 3.80±0.00 

Diclofenac (AID: 313125) -8.0±0.0 -122.97±0.07 4.42±0.00 -8.6±0.0 -119.24±0.24 5.46±0.00 

Flosulide (AID: 162338) -8.5±0.0 67.40±0.08 7.35±0.00 -8.8±0.0 63.56±0.14 6.47±0.00 

Tenidap (AID: 160880) -8.4±0.1 56.04±0.15 6.47±0.00 -8.3±0.0 61.57±0.08 4.20±0.00 

Nimesulide (AID: 162655) -7.6±0.0 57.79±0.10 6.77±0.00 -7.6±0.0 56.15±0.13 5.28±0.00 

Etodolac (AID: 52141) -7.2±0.1 49.14±0.23 7.09±0.00 -7.9±0.0 45.72±0.13 6.05±0.00 

Rofecoxib (AID: 241308) -9.8±0.0 63.49±0.04 6.60±0.00 -8.8±0.0 60.60±0.03 7.47±0.00 

Dup 697 (AID: 162346) -9.9±0.2 73.47±0.04 6.18±0.00 -9.5±0.0 69.63±0.09 5.88±0.00 

L-745337 (AID: 162346) -9.3±0.0 62.69±0.18 6.92±0.00 -10.9±0.0 63.73±0.03 6.19±0.00 

SC558 Filizola, [49] -10.7±0.2 51.75±0.25 6.03±0.00 -10.0±0.1 45.21±0.36 5.59±0.00 

NS 398 (AID:46852) -7.6±0.0 60.55±0.07 6.23±0.00 -7.7±0.0 57.99±0.05 5.18±0.00 

SC-58125 (AID: 162346) -10.2±0.2 69.83±0.10 6.72±0.00 -9.6±0.2 67.76±0.08 6.40±0.00 

CID: 10459826 (AID: 254745) -7.0±0.1 60.72±0.64 6.28±0.00 -7.3±0.0 27.84±1.31 7.27±0.00 

CID: 10895294 (AID: 162484) -9.4±0.0 73.59±0.03 7.25±0.00 -7.6±0.0 69.78±0.08 7.55±0.00 
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Table 3.3. continued       

CID: 9885354 (AID: 162507) -10.6±0.0 68.32±0.03 7.49±0.00 -9.4±0.0 65.24±0.06 8.29±0.00 

2,3-diarylcyclobutenone  
methylsulfone Dewitt, [50] 

-9.4±0.0 66.20±0.03 6.64±0.00 -8.7±0.0 64.91±0.09 5.34±0.00 

2,3-diarylphenyl sulfonamide 
Dewitt, [50] 

-11.0±0.0 66.32±0.05 6.80±0.00 -10.7±0.0 65.70±0.03 7.27±0.00 

2,3-diarylthiazolotriazole 
methylsulfone Dewitt, [50] 

-8.9±0.0 66.62±0.03 7.23±0.00 -9.3±0.0 72.88±0.05 6.42±0.00 
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Figure 3.4. Correlation between docking theoretical data for inhibitors on COX-2 
structures (1CX2, 1PXX and 1CVU) and their half maximal inhibitory concentration (Log 

IC50). (A) AutoDock Vina, (B) GOLD and (C) Surflex-Dock. The regression line is 
shown for illustrative purposes. The GOLD score value for diclofenac (−119.90 ± 
0.11) was not included in the analysis. 
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3.4.5. Docking curcumin and celecoxib on COX-2 

It is known that some of the chemicals studied here can modulate COX-2 activity 
not only by competitive inhibition, but also by allosteric binding [52,53]. It has been 
shown that curcumin produces a synergistic effect with celecoxib, a highly selective 
COX-2 inhibitor, almost abolishing all enzyme activity [52,53]. In order to determine if 
this additive process occurs due to curcumin (both the keto and the enol forms) 
binding on a site different from that used by celecoxib, a series of 500 AutoDock Vina 
docking runs were performed on the protein isolated from the complex COX-2-
celecoxib (PDB: 3LN1), and the results are presented in Figure 5. Celecoxib docks 
onto COX-2 (PDB: 3LN1) on two different sites (Figure 3.5A). As expected, the most 
favorable was the active site of COX-2 (binding frequency, bf, 96.8%) (Figure 3.5B), 
as found in the crystal structure of the celecoxib:COX-2 complex (PDB: 3LN1). An 
additional site (bf, 3.2%) was detected by the docking simulations, but it is less 
energetically favorable (-8.8 kcal/mol vs. -11.2 kcal/mol). On the other hand, in 
addition to the active site (celecoxib site), curcumin in the keto form prefers two 
additional (allosteric) sites on COX-2 (Figure 3.5C) with binding frequencies of 38.6% 
and 38.2% (Figure 3.5D). 

A different trend is observed for the enol form of curcumin.  This form does not 
dock on the active site at all when the whole protein (3LN1) is used as docking 
surface (Figure 3.5E), and it docks mainly to site 2 (bf, 94.12%), and in a minor grade 
to site 3 (bf, 5.88%) (Figure 3.5F); however these interactions are less favorable than 
those detected for the keto form. 

It is important to keep in mind that results from docking the keto and enol forms of 
curcumin on the whole protein surface (3LN1) are different from those acquired when 
the enol form is docked directly into the active site of 1CX2, 1PXX and 1CVU. In 
these last cases, the absolute binding affinities were greater by approximately 1-2 
kcal/mol. The docking of the keto form of curcumin onto the active site of COX-2 
generates not only different affinity values depending on the site, but also distinct 
spatial orientations. These last changes could require additional docking energy and 
this could be a reason explaining why this curcumin form prefers the other binding 
sites, where the docking implies less inner molecular consumption. 
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Figure 3.5. Celecoxib (A) and curcumin (keto, C; enol E) binding sites on COX-2, and 

ligand binding site preferences for each one of them (B, D, and F, respectively). *The affinity 
values (mean ± standard deviation, n = 500) in kcal/mol obtained for each protein–ligand 
complex are shown in below site. 

Docking runs (n=100) for celecoxib and the two curcumin forms, performed using 
the three docking tools examined in this work, on the three binding sites predicted for 
curcumin (keto form, PubChem) using AutoDock Vina are shown in Table 3.4.  
Results showed that AutoDock Vina, GOLD and Surflex-Dock predicted that 
celecoxib prefers only the known inhibitor binding site (Site 1).  In the case of 
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curcumin, all three docking tools suggested that both forms of this natural product 
can at some point interact with any of the three binding sites.  However, there are 
minor changes in the preferences based on the curcumin form and the docking tool 
used.  Taken together, these results suggest that independent from the tautomeric 
state of curcumin, it has the ability to interact with COX-2 on a binding site different 
from celecoxib. 

Table 3.4.  Binding affinity (AutoDock Vina) and binding score values (GOLD and Surflex-
Dock) for curcumin (keto and enol forms) and celecoxib (inhibitor) on different predicted 
binding sites (1, 2, and 3) on COX-2. 

 Site 1 Site 2 

Compound 
AV 

(kcal/mol) 
G 

Fitness 

S 
Total 
Score 

AV 
(kcal/mol) 

G 
Fitness 

S 
Total 
Score 

Celecoxib -11.9 68.54 9.50 -9.0 61.04 6.05 
Curcumin (keto) -8.4 56.51 6.71 -8.8 52.58 7.24 
Curcumin (enol) -8.6 48.39 7.40 -8.7 51.97 9.58 

       

 Site 3  

Compound 
AV 

(kcal/mol) 
G 

Fitness 

S 
Total 
Score 

   

Celecoxib -7.2 60.87 4.53    
Curcumin (keto) -8.0 52.64 8.75    
Curcumin (enol) -8.3 51.52 7.40    

AV. AutoDock Vina;   G. GOLD;   S. Surflex-Dock (SYBYL). 

This in silico evaluation of curcumin binding on COX-2 offers a plausible 
explanation for the synergism observed for celecoxib and curcumin to inhibit the 
action of the enzyme.  It also showed that the size of the used docking grid can have 
profound differences in the results.  However, it was clear that for both keto and enol 
forms, a binding site different from the active site is preferred by curcumin, although 
this process is less energetically favorable. 

Although the mechanisms involved in the anti-inflammatory action of chemicals 
present in edible plants may comprise distinct pathways, some of the compounds 
examined here are known for their actions on the regulation of transcription factors 

such as nuclear factor-kappa B (NFβ) [88,89], signal transducers and activation of 
transcription-1 (STAT-1) [90], peroxisome proliferator-activated receptor gamma 
(PPARγ) [91], NF-E2-related factor-2 (Nrf2) [92],  and also in the inhibition of 
mitogen-activated protein kinase (MAPK) (ERK, JNK, and p38) phosphorylation [93], 
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among many other targets.  These mechanisms may indeed alter the expression of 
COX-2. However, as shown here, it may be equally important to consider their direct 
action at the protein level, in order to have a better knowledge of their 
pharmacological benefits. In addition, it is clear that computational chemistry is a 
powerful tool that speeds up and lowers the cost of those approaches leading to find 
therapeutic agents to promote human health. 

3.5. CONCLUSIONS 

In silico docking calculations performed with AutoDock Vina showed that binding 
affinities obtained for some natural compounds on COX-2, such as curcumin and all-
trans retinoic acid, are of similar magnitude than those generated for known inhibitors 
of this protein. Affinities from AutoDockVina and scores given by the docking 
software GOLD showed significant correlations with experimental data for COX-2 
inhibition.  Docking studies performed with curcumin and celecoxib, this last a 
synthetic inhibitor of COX-2, suggest that curcumin may be able to bind this protein 
both competitively and allosterically. Therefore, natural products present in the diet 
are important not only as transcriptional regulators of COX-2, but also they may 
modulate its enzyme activity to control inflammatory processes.  
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CHAPTER 4. FOOD-RELATED COMPOUNDS THAT MODULATE 

EXPRESSION OF INDUCIBLE NITRIC OXIDE SYNTHASE MAY ACT AS 

ITS INHIBITORS 

 

4.1. ABSTRACT 

Natural compounds commonly found in foods may contribute to protect cells 
against the deleterious effects of inflammation. These anti-inflammatory properties 
have been linked to the modulation of transcription factors that control expression of 
inflammation-related genes, including the inducible nitric oxide synthase (iNOS), 
rather than a direct inhibitory action on these proteins. In this study, forty two natural 
dietary compounds, known for their ability to exert an inhibitory effect on the 
expression of iNOS, have been studied in sílico as docking ligands on two available 
3D structures for this protein (PDB ID: 3E7G and PDB ID: 1NSI). Natural compounds 
such as silibinin and cyanidin-3-rutinoside and other flavonoids showed the highest 
theoretical affinities for iNOS. Docking affinity values calculated for several known 
iNOS inhibitors significantly correlated with their reported half maximal inhibitory 
concentrations (R = 0.842, P < 0.0001), suggesting the computational reliability of 
the predictions made by our docking simulations. Moreover, docking affinity values 
for potent iNOS inhibitors are of similar magnitude to those obtained for some 
studied natural products. Results presented here indicate that, in addition to gene 
expression modulation of proteins involved in inflammation, some chemicals present 
in food may be acting by direct binding and possible inhibiting actions on iNOS. 
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4.2. INTRODUCTION 

The intake of natural dietary bioactive compounds is associated with low 
incidence of many diseases. The beneficial biological effects of these chemicals 
present in fruits and plant-derived-foods may be due to two of their known properties: 
their affinity for certain proteins and their antioxidant activity. Numerous publications 
have shown that, in addition to their antioxidant capacity, compounds of plant origin 
may regulate different signaling pathways in some diseases [1-4] Some of this large 
list of molecules include isothiocyanates, proanthocyanidins, terpenoids, carotenoids, 
omega-3, and polyunsaturated fatty acids, among others [2, 5-8]. 

Among most common food-related compounds of particular importance as anti-
inflammatory drugs, flavonoids play a pivotal role. These chemicals are a large and 
diverse group of plant phenolic that chemically are derivatives of the benzo-γ-pyrone 
ring, containing phenolic and pyran groups, and presenting conjugation between 
rings A and B, that differ according to their hydroxyl, methoxy and glycosidic side 
groups [9]. During metabolism, the free hydroxyl groups may be methylated, sulfated or 
glucuronidated. In foods, flavonoids can be found as 3-O-glycosides (anthocyanin) and 
polymers [10]. These natural compounds have received significant interest due to 
their known biological properties, in particular the prevention of inflammation [11], 
cancer [12], and cardiovascular diseases [13]. Several of the anti-inflammatory 
effects of these molecules have been associated with the inhibition of protein 
expression of key mediators involved in inflammation processes, such as the 
inducible nitric oxide synthase (iNOS) [14]. 

NOSs are a family of eukaryotic enzymes that produce nitric oxide (NO) from L-
arginine. In mammals there are three isoforms [15]: the endothelial (eNOS) and 
neuronal (nNOS) isozymes are constitutively expressed [16], and through the 
production of low levels of NO, they are involved in the regulation of blood pressure 
and nerve function, respectively. In contrast, iNOS is produced in response to 
cytokines or pathogens [17]. NOS contains the heme group in its catalytic site, which 
is important for its enzymatic activity [18]. 

Several natural products have been presented to modulate iNOS expression [19]. 
However, for many of them it remains unclear if the process is the result of an 
interaction with inflammation-related transcription factors or the enzyme itself. 
Computational chemistry offers powerful tools to explore these mechanisms by using 
molecular docking. This method is widely utilized in drug development, and this 
approach generally assumes a rigid receptor structure to allow the binding of a ligand 
on putative binding sites on the receptor surface [20, 21]. AutoDock Vina has 
become one of the most frequently used docking software for this purpose. It 



Natural Bioactive Compounds As Inhibitors Of Cancer Targets.          Ph.D. In Environmental Toxicology 

 

                                                      79 
 

combines some advantages of knowledge-based potentials and empirical scoring 
functions, extracting empirical information from the conformational preferences of the 
receptor-ligand complex and from experimental affinity measurements. Ligands are 
ranked based on an energy scoring function and, to speed up the score calculation, a 
grid-based protein-ligand interaction is employed [22]. In this study, docking methods 
were used to theoretically evaluate the ability of 42 natural bioactive compounds, 
known to regulate human iNOS mRNA expression, to bind this protein. 

4.3. MATERIALS AND METHODS 

4.3.1. Protein Structures and Modeling of Ligands 

3D structures of two human iNOS (PDB ID: 3E7G and PDB ID: 1NSI) were 
downloaded from Protein Data Bank (PDB)[23], prepared and aligned with Sybyl 
8.1.1 program [24]. Both models have the same 3D coordinates (sequence identity = 
100% and RMSD < 0.459 Å) (Figure 4.1), and minimal differences can be attributed 
to the resolution quality for each one (PDB ID: 3E7G = 2.20 Å and PDB ID: 1NSI = 
2.55 Å). 

 

Figure 4.1. Superposition of iNOS structures (3E7G and 1NSI), showing sequence 

identity and RMSD values. *RMSD for the binding site. 

Forty-two anti-inflammatory natural compounds, present in fruits and plant-
derived-foods and belonging to different chemical groups (Figure 4.2), were chosen 
as protein ligands to perform this study, as they have been reported to modulate 
expression of genes related to inflammation [19, 25]. These compounds comprise 
distinct chemical families, such as anthocyanins, flavolignans, flavones, and 
organosulfur compounds, among others. They are considered of special relevance to 
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food and pharmaceutical industry because of their potential health-promoting effects, 
and favourable organoleptic properties. The geometries of these bioactive 
compounds were optimized using DFT at the B3LYP/6-31G level [26], and 
calculations were carried out with Gaussian 03 package program [27]. Open Babel 
was used to transform geometries to Mol2 format for their subsequent processing 
[28]. 

 

Figure 4.2. Chemical groups for food-related natural compounds used to perform docking 
studies on iNOS. 

4.3.2. Protein-Ligand Docking Simulations 

Molecular docking was utilized to evaluate the feasibility of some food-related 
natural compounds to form complexes with iNOS. MGL tools 1.5.0 [29] was 
employed to prepare protein structures for molecular docking, and protein-ligand 
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docking calculations were performed with AutoDock Vina 1.0 program [22], using, as 
the docking box, the cavity filled by the ligand in the PDB structure (PDB ID: 3E7G 
and PDB ID: 1NSI). The docking site for the ligands on iNOS structure (PDB ID: 
3E7G) was defined by establishing a cube with the dimensions 24 × 24 × 24 Å, 
covering the ligand binding site with a grid point spacing of 1.0 Å, and centering grid 
boxes of 56.030, 20.374 and 79.669 in X, Y and Z dimensions, respectively. The 
binding site for the other iNOS structure (PDB ID: 1NSI) was defined similarly to PDB 
ID: 3E7G, except for the location of the centre of grid boxes, that in this case were 
11.664, 63.188, and 15.995 in X, Y and Z dimensions, respectively. All calculations 
with AutoDock Vina included 20 number modes, an energy range of 1.5, and 
exhaustiveness equal to 20. Ten docking runs were executed per each ligand, saving 
the best obtained pose. The average affinity for best poses was computed as the 
affinity value for a given complex. For comparison purposes, these calculations were 
performed for the iNOS inhibitor AR-C95791, as well as for the natural substrate L-
arginine. These molecules were extracted from their 3D complex structures, as those 
were the ligands bound to PDB ID: 3E7G and PDB ID: 1NSI, respectively. 

4.3.3. Residues Interacting with the Natural Bioactive Compounds on iNOS 
Binding Site and Searching of Alternative Allosteric Binding Sites 

The identification of protein residues (PDB ID: 3E7G and PDB ID: 1NSI) that 
interact on the binding site with those natural bioactive compounds that produced the 
best AutoDock Vina affinity values, was accomplished using LigandScout 3.0 [30], a 
package that utilizes pharmacophores to establish ligand-amino acid interactions on 
the target binding site. Residue-ligand interactions were visualized with PyMol 
program [31]. 

In addition, ligands for which docking complexes produced affinity values less 
than −9.2 kcal/mol were subjected to docking simulations (n = 100) over the whole 
protein surface, in order to identify possible allosteric binding sites. This was done by 
performing a docking simulation as follows: the binding site for the ligand on iNOS 
(PDB ID: 3E7G, chain A) was defined by forming a cube with the dimensions 66 × 66 
× 80 Å, engulfing the whole protein structure, using a grid point spacing of 1.0 Å and 
center grid boxes of 60.398, 20.038 and 83.489, in X, Y and Z dimensions, 
respectively. The same approach was used for iNOS structure (PDB ID: 1NSI, chain 
A), but the dimensions of the cube were 66 × 80 × 66 Å, and the center grid boxes 
were 12.344, 58.446 and 15.573 in X, Y and Z dimensions, respectively. All other 
docking parameters were the same as previously described. 
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4.3.4. Docking Validation with Biological Data for iNOS Inhibitors. 

To validate the docking procedure, the 3D structures and the biological data of 
thirty iNOS inhibitors were obtained from PubChem chemical library 
(http://pubchem.ncbi.nlm.nih.gov) [32] and literature [33]. Docking procedures were 
performed with AutoDock Vina [22], following the same protocols described for 
natural products. The biological data consisted of the half maximal inhibitory 
concentration (IC50) for iNOS activity, as reported for different compounds in 
PubChem BioAssay. Detailed information about the synthesis and purification of 
these iNOS inhibitors has been reported in the literature [34, 35]. These assays were 
conducted on A172 cells, and the activity of iNOS was induced by gamma interferon, 
tumor necrosis factor alpha, and interleukin 1-beta. Concomitant with cytokine 
addition, appropriate concentrations of compounds were added. The IC50 values 
were calculated from log-logit analysis of the data [34]. 

 Correlation analysis [36] was used to establish relationships between AutoDock 
Vina-derived affinities of inhibitors on the two tested iNOS (average values) and 
experimental biological data (LogIC50). Statistical analysis was performed using 
Graph Instat Software (Version 3.06, 2003). 

4.4. RESULTS AND DISCUSSION 

4.4.1. Docking Affinities of Natural Dietary Bioactive Compounds with iNOS 

AutoDock Vina-calculated affinity scores obtained for natural bioactive products 
on examined iNOS structures (PDB ID: 3E7G, PDB ID: 1NSI) are presented in Table 
4.1. Several molecules showed affinity values at least two units greater than the 
average obtained for all tested compounds, suggesting those may be efficient 
ligands for iNOS. The best docking results were observed for cyanidin-3-rutinoside 
(cyanidin-3-rutinoside) (−9.3 kcal/mol for PDB ID: 3E7G, and −9.5 kcal/mol for PDB 
ID: 1NSI) and silibinin (−9.5 kcal/mol for PDB ID: 3E7G, and −9.2 kcal/mol for PDB 
ID: 1NSI). However, other molecules such as the anthocyanin cyanidin-3-
sambubioside, malvidin-3-arabinoside, malvidin-3-galactoside, petunidin-3-
arabinoside, resveratrol and cyanidin, also presented affinity values less than −8.9 
kcal/mol. 

 

 

 

 

http://pubchem.ncbi.nlm.nih.gov/
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Table 4.1. AutoDock Vina-calculated affinities obtained for docking of natural bioactive 
compounds on iNOS. 

Compound 
Natural source 
[References] 

3E7G   
Affinity 

(kcal/mol)a 

      1NSI  
Affinity 

(kcal/mol)a 

Cyanidin-3-rutinoside 
Raspberry, cherries 
[37, 38] 

−9.3 ± 0.0 −9.5 ± 0.0 

Silibinin Milk thistle [39, 40] −9.5 ± 0.0 −9.2 ± 0.0 

Cyanidin-3-sambubioside Peanut [41] −9.2 ± 0.0 −8.5 ± 0.0 

Malvidin-3-arabinoside Blueberries [42] −8.3 ± 0.0 −9.2 ± 0.0 

Malvidin-3-galactoside Berries [43] −7.9 ± 0.0 −9.1 ± 0.0 
Petunidin-3-arabinoside Bilberry [44] −8.5 ± 0.0 −9.0 ± 0.0 

Resveratrol Grape skins [45] −8.9 ± 0.0 −7.5 ± 0.0 

Cyanidin Strawberries [46] −8.9 ± 0.1 −7.1 ± 0.0 
Delphinidin-3-arabinoside Blueberries [42] −8.2 ± 0.0 −8.8 ± 0.0 

Petunidin-3-glucoside Blueberries [42] −8.1 ± 0.0 −8.8 ± 0.0 

Peonidin-3-glucoside Black rice [47] −8.4 ± 0.0 −8.6 ± 0.0 

Malvidin-3-glucoside Berries [43] −8.1 ± 0.0 −8.6 ± 0.0 
Apigenin Celery [48] −8.4 ± 0.0 −7.7 ± 0.0 
Carnosol Rosemary [49] −8.6 ± 0.0 −7.4 ± 0.0 
Delphinidin Dark berries [50] −8.6 ± 0.0 −7.0 ± 0.0 

Proanthocyanidin Berries [51] −8.5 ± 0.0 −8.5 ± 0.0 

Epigallocatechin-3-gallate Green tea [52] −8.3 ± 0.0 −8.3 ± 0.0 

Cyanidin-3-galactoside Lingonberry [53] −8.3 ± 0.0 −8.1 ± 0.0 
Delphinidin-3-glucoside Berries [43] −8.1 ± 0.0 −8.3 ± 0.0 

Quercetin Broccoli [54] −8.3 ± 0.0 −7.8 ± 0.0 

Cyanidin-3-glucoside Black rice [47] −8.2 ± 0.0 −8.1 ± 0.0 

Pelargonidin-3-glucoside Strawberries [55] −8.0 ± 0.0 −8.1 ± 0.0 
Curcumin Curcuma [56] −8.1 ± 0.1 −7.8 ± 0.1 
Kaempferol Broccoli [54] −8.1 ± 0.0 −7.7 ± 0.0 
5-Hydroxy-3,6,7,8,3',4-
hexamethoxyflavone 

Citrus peel [57] −8.1 ± 0.0 −6.5 ± 0.0 

All-trans-retinoic acid Carrot [58] −8.0 ± 0.1 −7.8 ± 0.0 
Naringenin Citrus peel [59] −8.0 ± 0.0 −7.4 ± 0.0 
Pterostilbene Blueberries [60] −7.9 ± 0.0 −7.3 ± 0.0 
Tangeretin Citrus peel [61] −7.5 ± 0.0 −7.0 ± 0.0 
Genistein Soybean [62] −7.5 ± 0.1 −6.9 ± 0.0 
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Docosahexaenoic acid Fish and fish oil [63] −6.4 ± 0.1 −7.5 ± 0.1 
Epicatechin Green tea [52] −7.3 ± 0.0 −7.3 ± 0.0 
[6]-Shogaol Ginger [64] −7.2 ± 0.1 −7.2 ± 0.0 
[6]-Gingerol Ginger [64] −7.1 ± 0.1 −6.9 ± 0.0 

Table 4.1. continued    

Eicosapentaenoic acid Fish and fish oil [63] −6.3 ± 0.1 −7.1 ± 0.1 
Phenethylisothiocyanate Cabbage [65] −6.1 ± 0.0 −6.1 ± 0.0 
Lycopene Tomato [66] −6.1 ± 0.2 −4.0 ± 0.2 
Benzylisothiocyanate Cabbage [65] −6.0 ± 0.0 −5.8 ± 0.0 
Menthone Mentha [67] −5.8 ± 0.0 −4.7 ± 0.0 
Sulforaphane Cabbage [68] −4.8 ± 0.0 −4.7 ± 0.0 

β-Carotene Carrot [69] −4.8 ± 0.1 −0.5 ± 0.4 

Lutein Spinach and eggs [70] −3.5 ± 0.0 −1.8 ± 0.9 

Mean affinity (kcal/mol)  −7.6 ± 0.2 −7.3 ± 0.3 

AR-C95791(Inhibitor-iNOS) −8.4 ± 0.0 −6.9 ± 0.0 
L-Arginine (Substrate- iNOS) −5.9 ± 0.0 −6.4 ± 0.0 

a. Mean AutoDock Vina affinity value obtained after 10 docking runs per ligand. 
 

Surprisingly, the AutoDock Vina affinity values obtained from docking onto iNOS 
the ligands AR-C95791 (−8.4 kcal/mol and −6.9 kcal/mol for PDB ID: 3E7G and PDB 
ID: 1NSI, respectively) and L-arginine (−5.9 kcal/mol and −6.4 kcal/mol for PDB ID: 
3E7G and PDB ID: 1NSI, respectively), were similar in magnitude to the average 
obtained for all 42 tested compounds (PDB ID: 3E7G= −7.6 ± 0.2 kcal/mol and PDB 
ID: 1NSI= −7.3 ± 0.3 kcal/mol). 

4.4.2. iNOS Interacting Residues with Natural Compounds and Search for 
Allosteric Binding Sites. 

The interactions observed in the iNOS (3E7G)/silibinin and iNOS (1NSI)/cyanidin-
3-rutinoside complexes, as predicted by LigandScout 3.0, are shown in Figure 4.3. 
Clearly, the spatial poses acquired by silibinin and cyanidin-3-rutinoside (Figure 3A 
vs. Figure 4.3C) differ for each protein structure. The most favorable interacting 
residues with silibinin on 3E7G binding site were Asn354, Thr121, Tyr347 (hydrogen 
bond donor), Thr121 (hydrogen bond acceptor), Val352 and Arg381 (hydrophobic). 
Additionally, with respect to heme group, important constituent of the catalytic site of 
the iNOS, silibinin showed one interacting hydrogen bond (Figure 4.3B). In the case 
of cyanidin-3-rutinoside, interacting residues on 1NSI binding site were Ala262, 
Tyr373, Asp385 (hydrogen bond donor), Tyr 373 (hydrogen bond acceptor), Pro350 
and Val362 (hydrophobic). The 3E7G/silibinin complex also showed interactions with 
the heme group, in this case three in total (two hydrogen bond acceptor and one 
hydrophobic interaction) (Figure 4.3D). 
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Figure 4.3. 3D view and interacting residues present in the 3E7G/silibinin (A, B) and 

1NSI/cyanidin-3-rutinoside (C, D) complexes. 

Cyanidin-3-rutinoside and silibinin, molecules with the best absolute affinity 
values for evaluated iNOS structures, were subsequently submitted to additional 
docking simulations, using a greater docking box covering the whole protein surface, 
and a total of 100 runs. This procedure showed that the ligands interacted with the 
proteins only at the inhibitor/substrate binding site, and no allosteric site was 
detected. 

The complexes formed between silibinin and cyanidin-3-rutinoside with iNOS 
structures (PDB ID: 3E7G and PDB ID: 1NSI) involved several types of interactions. 
This observation implies these natural compounds behave as versatile and efficient 
ligands for iNOS, as they rely on a diversity of functional groups to completely 
accommodate into the binding site, besides presenting interesting interactions with 
the heme group in the active site for each one of the examined complexes (3E7G-
silibinin and 1NSI/cyanidin-3-rutinoside). It is also important to mention that these 
compounds, which have high affinity scores (less than −9.2 kcal/mol), interact with 
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the iNOS only at the substrate-inhibitor binding site, suggesting that their action on 
this enzyme may be related to competitive inhibition with the substrate. 

 
Results presented here have shown that some food-derived molecules with 

known capacity of regulating iNOS expression, are good ligands for this pro-
inflammatory protein. This finding may in part explain some anti-inflammatory effects 
attributed to the intake of bioactive natural compounds [71-75]. Cyanidin-3-rutinoside, 
an anthocyanin present in raspberries and cherries [37, 38], and silibinin, also known 
as silybin, a widely used flavonolignan from milk thistle [39, 40], were the compounds 
with greater in sílico binding affinities for iNOS. The high binding affinity registered for 
silibinin (−9.5 kcal/mol for PDB ID: 3E7G), and cyanidin-3-rutinoside, may suggest a 
possible direct iNOS inhibition, in addition to the down regulation of the genes 
experimentally demonstrated [76]. Silibinin has been associated with down-regulates 
inducible of nitric oxide synthase in human lung carcinoma [77]. Moreover, cyanidin-3-
rutinoside has been reported to regulate the expression of iNOS and 
cyclooxygenase-2 (COX-2) in cell-based assays [78, 79]. Extracts with high content 
of pelargonidin-3-glucoside, cyanidins and other anthocyanins, have also been 
reported as inhibitors of iNOS expression in lung carcinoma cells in mice [80]. 
Blueberry extracts with significant levels of anthocyanins, such as malvidin, 
petunidin, and peonidin, compounds that are similar to some evaluated here, have 
been reported to possess the ability to attenuate the expression and activity of iNOS 
and COX-2 proteins [81]. In the case of iNOS, the inhibitory effects of these extracts 
on enzyme activity have been evaluated reaching an IC50 value of 36 µg/mL [82]. 

It is important to mention that in addition to the natural compounds present in 
foods that were evaluated in this study [120], there are many other naturally 
occurring chemicals, such as mangiferin, rodgersinol, and withaferin, among others, 
that have the ability to reduce NO production by attenuating the expression of iNOS 
[83-85]. 

4.4.3. Docking Validation with Biological Data 

It should be pointed out that results from docking analysis only provide theoretical 
insight about plausible mechanisms involved in the anti-inflammatory properties of 
these compounds. In order to explore if affinity values calculated by AutoDock Vina 
may be used as a measure of the likeliness of a particular compound to behave as 
an iNOS inhibitor, a group of thirty active compounds with confirmed inhibitory 
activity on iNOS, reported in PubChem BioAssay database [32], were docked to 
iNOS isoforms (PDB ID: 3E7G and PDB ID: 1NSI), and their affinities calculated by 
AutoDock Vina [22]. The biological activity of validation compounds comprises a wide 
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range of IC50 values, from nanomolar to micromolar concentrations, including values 
reported for compounds classified as potent inhibitors of iNOS activity [86, 87]. 
Moreover, this activity has been reported to be isoform-specific, as significant 
differences on enzyme inhibition have been shown when iNOS activity was 
compared to those elicited by the endothelial nitric oxide synthase (eNOS) and 
neuronal nitric oxide synthase (nNOS) [34]. 

The name or PubChem chemical structure identifier (CID), AutoDock Vina affinity 
value, and biological activity (IC50) for reported iNOS inhibitors are presented in 
Table 4.2. The relationship between the biological activity (IC50) and the mean 
binding affinity obtained for both iNOS structures are shown in Figure 4.4. The data 
indicated the inhibition of iNOS activity follows a linear relationship with the 
theoretical binding affinity for these compounds. 

The relationship observed between biological activity (logIC50) and in sílico 
binding affinity values for known iNOS inhibitors is mostly linear in nature (Figure 4.4), 
and our results (R = 0.842, P < 0.0001) are much better than those reported for 
similar studies [88]. The data revealed ligands can be divided in two groups based on 
their affinity scores. Molecules with affinity scores less than −8.0 kcal/mol are likely to 
have IC50 values equal or lower than 0.1 µM. In contrast, those with values higher 
than −8.0 kcal/mol will have less chance to inhibit iNOS. Moreover, those natural 
compounds with absolute affinity scores less than −9.0 kcal/mol, such as CID 
16116045, CID 16115115, and CID 16114995 are good candidates to have IC50 
values in the sub nanomolar range.  
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Table 4.2. AutoDock Vina-calculated affinities of selected inhibitors for iNOS and theirs half maximal inhibitory concentrations (IC50). 

iNOS inhibitor AID/Reference 
PDB ID: 3E7G 

Affinity 
(kcal/mol) 

PDB ID: 1NSI 
Affinity 

(kcal/mol) 
Affinity mean a IC50 (µM) 

LogIC50 
(µM) 

Pimagedine AID: 92004 −4.0 ± 0.0 −4.4 ± 0.0 −4.2 ± 0.0 3.9 0.59 
AMT [33] −4.7 ± 0.1 −4.4 ± 0.1 −4.6 ± 0.1 3.6 0.56 
N(G)-iminoethylornithine AID: 92181 −5.5 ± 0.0 −6.2 ± 0.0 −5.9 ± 0.1 2.2 0.34 
L-NIL AID: 92009 −5.8 ± 0.1 −6.3 ± 0.1 −6.0 ± 0.1 1.3 0.11 
Targinine AID: 92143 −5.8 ± 0.1 −6.7 ± 0.0 −6.2 ± 0.1 0.86 −0.07 
Nitroarginine AID: 92143 −6.1 ± 0.1 −6.9 ± 0.0 −6.5 ± 0.1 0.67 −0.17 
AR-C95791  AID: 92009 −8.4 ± 0.0 −6.9 ± 0.0 −7.7 ± 0.2 0.35 −0.46 
CID10398018 AID: 92144 −6.4 ± 0.0 6.6 ± 0.1 −6.5 ± 0.0 0.25 −0.60 
Etiron AID: 92011 −4.1 ± 0.1 −4.1 ± 0.0 −4.1 ± 0.0 0.16 −0.80 
CID 10011896 AID: 92011 −4.2 ± 0.1 −4.3 ± 0.0 −4.2 ± 0.0 0.14 −0.85 
CID 3863 AID: 92004 −5.9 ± 0.0 −6.2 ± 0.1 −6.0 ± 0.0 0.1 −1.00 

CID 16116298 AID: 280474 −7.6 ± 0.0 −6.7 ± 0.0 −7.2 ± 0.1 0.1 −1.00 

CID 16116293 AID: 280474 −8.4 ± 0.0 −9.2 ± 0.0 −8.8 ± 0.1 0.1 −1.00 

CID 16115471 AID: 280474 −8.1 ± 0.1 −8.6 ± 0.0 −8.3 ± 0.1 0.066 −1.18 
CID 16115345 AID: 280474 −8.1 ± 0.0 −9.0 ± 0.0 −8.6 ± 0.1 0.066 −1.18 
CID 44420709 AID: 280474 −8.7 ± 0.0 −8.7 ± 0.0 −8.7 ± 0.0 0.033 −1.48 
CID 16116564 AID: 280474 −8.1 ± 0.0 −8.5 ± 0.0 −8.3 ± 0.0 0.012 −1.92 
CID 16115897 AID: 280474 −8.3 ± 0.0 −8.9 ± 0.0 −8.6 ± 0.1 0.01 −2.00 
CID 16115611 AID: 280474 −9.8 ± 0.0 −9.1 ± 0.0 −9.5 ± 0.1 0.0054 −2.27 

CID 16115606 AID: 280474 −8.6 ± 0.0 −9.6 ± 0.0 −9.5 ± 0.1 0.0041 −2.39 

CID 16115472 AID: 280474 −8.1 ± 0.0 −8.8 ± 0.0 −8.4 ± 0.1 0.0035 −2.46 
CID 16115342 AID: 280474 −9.5 ± 0.0 −9.1 ± 0.0 −9.3 ± 0.0 0.003 −2.52 

CID 16114996 AID: 280474 −9.9 ± 0.0 −10.5 ± 0.0 −10.2 ± 0.0 0.0027 −2.57 
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Table 4.2. continued       

CID 16115233 AID: 280474 −7.7 ± 0.0 −8.4 ± 0.0 −8.1 ± 0.1 0.0015 −2.82 

CID 16115115 AID: 280474 −10.4 ± 0.1 −10.4 ± 0.0 −10.4 ± 0.0 0.0011 −2.96 
CID 16114992 AID: 280474 −9.2 ± 0.0 −9.9 ± 0.0 −9.5 ± 0.1 0.001 −3.00 

CID 16114995 AID: 280474 −10.2 ± 0.0 −11.1 ± 0.0 −10.7 ± 0.1 0.00096 −3.02 

CID 16116046 AID: 280474 −9.9 ± 0.1 −10.1 ± 0.0 −10.0 ± 0.0 0.0008 −3.10 

CID 16116045 AID: 280474 −9.8 ± 0.0 −10.3 ± 0.0 −10.0 ± 0.1 0.00067 −3.17 

CID 16115896 AID: 280474 −8.7 ± 0.0 −9.1 ± 0.0 −8.9 ± 0.1 0.0005 −3.30 
a Average affinity between the scores obtained for two iNOS structures (PDB ID: 3E7G and PDB ID: 1NSI), AID: Assay ID (PubChem 

Bioassay), CID: Compound ID (PubChem Compound), IC50: Half maximal inhibitory concentration. 
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Figure 4.4. Correlation between the mean affinities calculated by AutoDock Vina in 

3E7G and 1NSI for iNOS inhibitors and their half maximal inhibitory concentration 
[LogIC50]. The regression line (Y = 0.375X + 1.820) was added for illustrative purposes. 
Circles show molecules with high (upper) and low (lower) biological activity. 

Interestingly, two natural compounds evaluated here (silibinin and cyanidin-3-
rutinoside) presented absolute affinity scores less than −9.2 kcal/mol for both iNOS. 
These values are even better than those obtained for well-known inhibitors such as 
pimagedine, AMT, L-NIL, nitroarginine, targinine, and etiron [32, 33]. These results 
could help explaining some of their benefic effects on human health, not only by their 
known modulation of transcription factors [19], but also by their behavior as iNOS 
inhibitors. In general, flavonoids and anthocyanins present good theoretically 
capacity to bind and inhibit iNOS. Although the anti-inflammatory properties of 
natural compounds may occur through multiple mechanisms, the exploration of a 
direct action at the protein level by docking simulations provides insights regarding 
their pharmacological benefits. 

4.5. CONCLUSIONS 

In conclusion, docking analysis data suggested that it is plausible that in addition 
to their role mediating transcription regulation of inflammation-related genes, some 
food-related, such as silibinin (flavolignan) and cyanidin-3-rutinoside (anthocyanin), 
may exert direct inhibitory action on iNOS. Future research will focus on 
experimental evaluation of these results, using the iNOS model to design new 
derivatives of these natural bioactive compounds. 
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CHAPTER 5. COMPUTATIONAL FISHING OF NEW DNA 

METHYLTRANSFERASE INHIBITORS FROM NATURAL PRODUCTS 

 
 

5.1. ABSTRACT 

DNA methyltransferase inhibitors (DNMTis) have become an alternative for 
cancer therapies. However, only two DNMTis have been approved as anticancer 
drugs, although with some restrictions. Natural products (NPs) are a promising 
source of drugs. In order to find NPs with novel chemotypes as DNMTis, 47 
compounds with known activity against these enzymes were used to build a LDA-
based QSAR model for active/inactive molecules (93% accuracy) based on 
molecular descriptors. This classifier was employed to identify potential DNMTis on 
800 NPs from NatProd Collection. 447 selected compounds were docked on two 
human DNA methyltransferase (DNMTs) structures (PDB codes: 3SWR and 2QRV) 
using AutoDock Vina and Surflex-Dock, prioritizing according to their score values, 
contact patterns at 4 Å and molecular diversity. Six consensus NPs were identified 
as virtual hits against DNMTs, including 9,10-dihydro-12-hydroxygambogic, 
phloridzin, 2',4'-dihydroxychalcone 4'-glucoside, daunorubicin, pyrromycin and 
centaurein. This method is an innovative computational strategy for identifying 
DNMTis, useful in the identification of potent and selective anticancer drugs. 
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5.2. INTRODUCTION 

DNA methylation is a covalent biochemical modification defined as an epigenetic 
change important in the regulation of gene expression [1, 2]. The progression of DNA 
methylation involves a cycle of demethylation, de novo methylation, and methylation 
maintenance, catalyzed by family enzymes known as DNA methyltransferases 
(DNMTs, EC#: 2.1.1.37) [3-5]. These are responsible of transferring a methyl group 
from S-adenosyl-L-methionine (SAM) to the carbon-5 position of cytosine in DNA. 
This mechanism has been proposed for several authors (Figure 5.1) [6-9]. 

 

 
Figure 5.1. Mechanism of cytosine DNA methylation catalyzed by DNMTs. DNMTs 

contain a conserved cysteine residue that attacks the C(6) atom of cytosine forming a 
covalent bond. A nucleophilic attack occurs on the methyl group of S-adenosyl-L-methionine 
(AdoMet), which is converted to S-adenosyl-L-homocysteine (AdoHcy-S). The last step 
comprises β-elimination across the C(5)-C(6) bond, releasing the enzyme. 

 
Currently, three types of cytosine-5 DNMTs have been identified, including two de 

novo DNA methyltransferases; DNMT3A and DNMT3B, which establish the 
methylation patterns during embryonic development in mammals and in differentiated 
cells [10, 11]; and DNMT1, the most abundant and active of these enzymes 
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responsible for copying the methylation pattern of DNA during cell division [12, 13]. It 
has been shown that DNMT1 plays an important role in carcinogenesis [12, 14], 
therefore, these targets are of particular interest to search for specific inhibitors [15-
17]. 

The inhibition of DNMTs activity has been presented as a possible pathway to 
reactivate genes silenced by methylation of their promoters in different diseases, 
including cancer [1, 12, 18]. The relationship between the hypermethylation of 
promoter of tumor suppressor genes and cancer development has been clearly 
demonstrated [3, 4, 19], suggesting DNMTs as promising drug targets for the 
discovery of new and more potent/selective anticancer drugs [20]. To date, several 
DNMT inhibitors (DNMTis) of different structural classes have been published; 
basically categorized as nucleoside DNMTis and non-nucleoside analogue DNMTis, 
Figure 5.2 [16, 21]. DNMTis nucleosides, cytosine analogs, have been studied in 
several cancer types [22, 23]. Most of these compounds that inhibit the activity of 
DNMT have been related with significant ¨off target¨ effects [24], a fact that has 
prevented their use with pharmacological purposes. However, two of them, 
azacitidine and decitabine, have been approved by FDA (Food and Drug 
Administration) for the treatment of myelodysplastic syndromes [25, 26]. Moreover, 
non-nucleoside DNMTis, such as RG-108 [27], which was identified via virtual 
screening methods;  and SGI-1027,  a quinoline derivative,  have been proposed as 
DNMTis [28, 29]. However, the weak inhibitory activity of these compounds [30] 
indicates a need for the search of more effective inhibitors in the future. 
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Figure 5.2. Chemical structure of representative known nucleoside analogues and non-
nucleoside DNMTis, classified as synthetic and natural products. 

Natural products (NPs) are a promissory source of drugs due to their molecular 
diversity and low toxicity. It is estimated that 60% of approved drugs are derived from 
natural sources [31-33].  To date, several NPs have been proposed as DNMT 
inhibitors [34, 35]. Some studies have shown epigallocathechin-3-gallate (EGCG) 
[36], curcumin [34], genistein [37], psammaplin A [38], mahanine [39], caffeic acid 
[40], laccaic acid [41], among others. However, they exhibit no significant inhibitory 
pharmacological activity. 

Computational tools help to elucidate the basic structural requirements of the 
inhibitors for activity against DNMT. The increase in the number of available 
crystallographic DNMTs structures has prompted the use of computational molecular 
docking and structure-based approaches for search DNMTis [27-29]. Computational 
and experimental screening methodologies have served to identify promissory 
DNMTis, for instance NSC 14778. Recently, two new DNMTis (SW155246 and 
SID49645275) have been discovered using experimental high-throughput screening 



Natural Bioactive Compounds As Inhibitors Of Cancer Targets.          Ph.D. In Environmental Toxicology 

 

                                                      103 
 

(HTS) and they have been proposed as molecular scaffold for discovering new 
DNMTis [42- 44]. However, they showed a lack of pharmacological information, 
specific of DNMTs. For this reason, the systematic searching of new promissory 
compounds with DNA hypomethylating activity by using NPs data sets is a great path 
and an urgent need to discover new and more effective DNMTis. Recently, Medina-
Franco et al, shown that NPs are a rich source for demethylating agents that need to 
be rigorously characterized in theoretical and/or experimental studies [45]. 

The main aim of this report was to develop a virtual screening to find potential 
DNMTis on 800 NPs from NatProd Collection, MicroSource Discovery Systems 
(www.msdiscovery.com/natprod.html). The protocol included a Linear Discriminant 
Analysis (LDA)-based QSAR model from a set of 47 active/inactive molecules 
against DNMTs, with further optimization of the promising compounds by molecular 
docking procedures, and finally, a selection based on molecular diversity by k-means 
cluster analysis. Following this multistep approach, six consensus NPs hits with new 
chemotypes as inhibitors of DNMTs were identified. 

5.3. MATERIALS AND METHODS 

5.3.1 LDA-based Discriminant Model 

A set of 47 diverse compounds reported in the literature as active and not active 
against DNMTs were used to develop a discriminant model, employing 32 
compounds as training set and the other 15 as test set as shown in Table 5.1. 
Molecules in each group were randomly selected. Compounds were downloaded 
from PubChem database (http://pubchem.ncbi.nlm.nih.gov/), and their 3D structures 
were optimized using molecular mechanic methods, with Tripos force field with 
Gasteiger charges, a gradient convergence of 0.05 kcal/mol and a maximum number 
of optimization iterations of 1000. All calculations were performed using SYBYL-X 2.0 
package [46]. 
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Table 5.1. Compounds tested against DNMTs used for Building (training set) and 
Validating (test set) the LDA-based Discriminant Model. 

No. Active (Inhibitor)a No. Inactive 

Training set 

1 RG108 20 NCS622444 

2 5-azacytidine 21 NCS137546 

3 5-Fluoro-2′-deoxycytidine 22 NSC319745 

4 Zebularine 23 NCS106084 

5 Deoxycytidine 24 NCS54162 

6 EGCG 25 NCS158324 

7 Genistein 26 NCS348926 

8 Curcumin 27 CHEMBL1780248 

9 Caffeic acid 28 NCS4092 

10 Procaine 29 NSC21970 

11 Hydralazine 30 NCS19555 

12 Nanaomycin A 31 NCS27292 

13 SGI-110 32 NCS303530 

14 AdoHcy (SAH)   

15 Parthenolide   

16 Mahanine   

17 NCS97317   

18 Chlorogenic acid   

19 Δ2Isoxazoline   

Test set 

1 Aurintricarboxylic acid (ATA) 10 NCS408488 

2 RG108-1 11 NCS56071 

3 5-aza-2'-deoxycytidine 12 NCS154957 

4 5,6-Dihydro-5-azacytidine 13 NCS138419 

5 Aza-Adomet 14 NCS345763 

6 Laccaic acid A 15 NCS27278 

7 Psammaplin A   

8 SGI-1027   

9 Sinefungin  
a Compounds in this study have been previously evaluated against DNMTs activity, 

Natural DNMTis in italics. 
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A LDA–based QSAR model was developed for classification of compounds as 
active or inactive against DNMTs. A whole set of 0-3D MDs were calculated 
employing DRAGON 5.5 program [47]. LDA–based QSAR model was developed 
using forward stepwise procedure as feature selection method (wrapper strategy) in 
STATISTICA 8.0 software [48], and the principle of parsimony (Occam's Razor) was 
established selecting the best model. Statistical parameters such as, Wilks’ λ (U-
statistic), square Mahalanobis distance (D2), Fisher ratio (F) with the corresponding 
p-level (p(F)), as well as the percentage of good classification (accuracy) in both 
training and test sets were used to assess the quality and  performance of the model 
[49]. In order to increase the hit chance, the classification probabilities produced by 
LDA-based QSAR model were used for subsequent selection of compounds. A NP is 
classified as active if ΔP% > 50% or as inactive if ΔP% the otherwise, being ΔP% = 
[P (Active) − P (Inactive)] × 100, P (Active) and P (Inactive) are the probabilities to be 
active or inactive according to the classifier model. 

In addition to the greedy-based wrapper method, we initially employed several 
unsupervised and supervised methods based on the computation of Shannon’s 
entropy type measures for make a drastic dimension reduction of all DRAGON MDs 
[50, 51]. This algorithm has been implemented in an in house computer program 
denominated IMMAN (acronym for Information Theory based Chemometric Analysis) 
[52]. This approach has been employed to compare proposed MDs and various 
families of indices reported in the literature, as well as MD computing software [53]. 
Six different types of MDs from different families were finally selected in the model, 
including: information index (SIC2), 3D-moRSE descriptor (Mor13m), 2D 
autocorrelation (GATS5m), Randić molecular profile (SHP2), topological descriptor 
(ZM2V), and atomic centered-fragment (H-047). 

5.4. Molecular Docking with AutoDock Vina and Surflex-Dock 

The feasibility of NPs to work as inhibitors of DNMTs was evaluated with two 
docking programs frequently used for virtual screening, AutoDock Vina [54, 55, 56] 
and Surflex-Dock [57]; which are based on different score functions to evaluate the 
binding mode of a ligand onto a receptor. 

5.4.1. Preparation and selection of crystallographic structures of DNMTs for 
molecular docking with NPs 

Ten available mammalian DMNT structures (DMT1, PDB codes: 3AV4, 3AV5, 
3AV6, 3EPZ, 3PT6, 3PT9, 3PTA, 3SWR, 4DA4 and DNMT3A, PDB code: 2QRV) 
were downloaded from Protein Data Bank (http://www.rcsb.org/pdb/home/) and 
prepared with SYBYL-X 2.0 package for molecular docking. This process consisted 
of removing water molecules and other ligands, with subsequent repairing and 
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fixation of amide in side chains. Optimization protocols were performed using Powell 
conjugate gradient method; with dielectric constant value of 1.0, gradient 
convergence fixed to 0.005 kcal mol-1, maximum number of iterations at 1000, and 
Kollman United/All-atoms force fields with AMBER charges. 

A comparative structural analysis for DMNTs was performed with SYBYL-X 2.0  
by multiple sequence alignments (% of identity, %ID) and spatial similarity (RMSD in 
Å) [58]. Based on these results, two representative DNMTs crystallographic 
structures were selected for protein-ligand docking protocols: DNMT1 (3SWR) and 
DNMT3A (2QRV). 

5.4.2. Docking calculations of NPs on DNMTs 

Docking calculations with AutoDock Vina program for NPs on selected DNMT 
structures (3SWR and 2QRV) were defined by establishing a cube at the geometric 
center of the co-crystalized ligand present on each selected DNMTs (3SWR-
sinefungin and 2QRV-SAH), with dimensions 30 × 30 × 30 Å, covering the catalytic 
site and cofactor binding site (SAM) in the enzyme, employing a grid point spacing of 
1.0 Å. The x, y, and z coordinates for the center grid boxes on 3SWR were -4.93, -
2.66 and 33.36, whereas for 2QRV were 106.61, 45.73 and -1.71, respectively. 
Three docking runs were performed for each ligand, and the pose with the highest 
absolute value of affinity (kcal/mol) was saved. Finally, the mean affinity value for 
best poses was taken as the value of the binding affinity for a particular complex [54, 
59]. 

The NPs that presented the best affinities with AutoDock Vina were additionally 
evaluated with Surflex-Dock, following a protomol generation approach based on the 
proximal residues to the co-crystalized ligand present in the crystallographic of 
selected DNMT structures using a threshold of 0.5 Å and bloat of 0, with the others 
parameters set as default. All docking calculations for ligands were performed 
keeping the same parameters (20 poses each), using only the highest ranked pose 
by Surflex-Dock [57, 60]. 

In order to validate the results obtained with AutoDock Vina and Surflex-Dock, the 
experimental ligands, sinefungin and SAH, were docked to the crystal structure of 
human DNMT1 (3SWR) and human DNMT3A (2QRV) [45], respectively. In total, 100 
docking runs were performed with AutoDock Vina and Surflex-Dock for each ligand, 
using the same parameters described above for docking of NPs on DNMTs. 

5.4.3. Identification of main interaction of selected NPs on DNMTs binding site 

Identification of interacting residues at distances less than to 4 Å was carried out 
using Pymol program [61] in order to identify those most likely involved in the 
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inhibition mechanism of  DNMTs [62]. The interaction nature of the residues that 
interact with selected NPs on DNMTs binding site was performed using LigandScout 
3.1 program [63, 64], which utilizes simplified pharmacophores to detect the number 
and type of existing ligand-residue interactions on the protein active site for a 
particular protein-ligand complex. The most important DNMTs-NPs complexes were 
visualized with PyMol program [61] depicting the binding mode for selected NPs. 

5.4.4. Molecular docking validation using biological information for DNMT1 
Inhibitors 

Compared to DNMT3A and DNMT3B, DNMT1 is most targeted to search for 
inhibitors as its high enzyme activity is the greatest among the DNMTs.  This has 
increased the availability of biological information regarding this protein.  In order to 
validate the reliability of the results generated by docking protocols, 3D structures 
and biological data for forty-five DNMTis were obtained from PubChem chemical 
library (http://pubchem.ncbi.nlm.nih.gov/), and their binding affinities and total scores 
were calculated with AutoDock Vina and Surflex-Dock following the same 
parameters described for NPs on DNMT1 (PDB code: 3SWR). The biological 
information consisted of the half maximal inhibitory concentration (µM, IC50) values 
for DNMT1 activity, as reported for these chemicals in PubChem BioAssay (AID: 
602386, Dose response confirmation of DNMT1 inhibitors in a Fluorescent Molecular 
Beacon assay).   Correlation analysis to establish the relationships between binding 
scores on DNMT1, generated by AutoDock Vina and Surflex-Dock,  and 
experimental biological data (LogIC50) [122, 243] for DNMTis were calculated using 
STATISTICA 8.0 software [48]. 

5.4.5. Selection of Promissory NPs as DNMTis by Cluster Analysis 

A molecular diversity k-means cluster analysis for selected NPs and well-known 
inhibitors, active and inactive include in training and test sets, was made based on 28 
MDs (including the six calculated for screening) with STATISTICA 8.0 software [48]. 
The number of members in each cluster and the standard deviation of the variables 
in the cluster (kept as low as possible) were taken into account, to have an 
acceptable statistical quality of data partitions into the clusters. The values of the 
standard deviation between and within clusters, the respective Fisher ratio and their 
p-level of significance, were also examined. In the final selection of molecular 
descriptors vector the unsupervised filters in IMMAN software [52, 65] and the Fisher 
ratio in cluster analysis were taken into consideration. The final selected MDs 
included molecular weight, sum of the electronegativities (Se), sum of the 
polarizabilities (Sp), hydrogen (nH), carbon (nC), oxygen (nO), ALOGP, Neoplastic-
80, among others, have been useful in the identification of anti-cancer drugs [66-68]. 
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5.4.6 Searching of Information for Selected NPs (Assertions from Literature) 

 The selection of promissory NPs was performed utilizing, as a last filter, their 
available biological information. That is, an exhaustive searching of biological data 
reported for promissory NPs was performed using several search engines including; 
GoPubMed (http://www.gopubmed.com), PubReMiner 
(http://bioinfo.amc.uva.nl/human-genetics/pubreminer/), PubGraph 
(http://datamining.cs.ucla.edu/pubgraph/), among others. 

5.4.7. Virtual Screening of NPs from NatProd Collection 

The searching of new NPs as DNMTis was conducted in three stages: i) selection 
of actives NPs against DNMTs by LDA-based QSAR model (Eq. 1, see below) from 
800 NPs contained in NatProd Collection (www.msdiscovery.com/natprod.html). 
These compounds were optimized under the same parameters utilized for the 47 
compounds included in the training and test sets. Subsequently, only six MDs 
required (SIC2, Mor13m, GATS5m, SHP2, ZM2V, H-047) were calculated for these 
NPs using DRAGON 5.5 program. These MDs calculated for 800 NPs were 
evaluated by the classifier; ii) Molecular docking using AutoDock Vina and Surflex-
Dock protocols for NPs classified as active by the LDA-based QSAR model on two 
DNMT structures (3SWR and 2QRV); iii) cluster analysis was carried out for selected 
NPs taking as reference training and test sets compounds (both actives and 
inactives) and searching for biological information from literature. Finally, six NPs 
were selected with new scaffolds as virtual DNMTi hits. That ensemble protocol is 
shown in Figure 5.3. 
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Figure 5.3. Pipeline of virtual screening for DNMTis discovery. 

5.5. RESULTS AND DISCUSSION 

5.5.1. LDA-based QSAR Model for identification of DNMTis 

In order to perform a fast and reliable identification of NPs as DNMTis, a QSAR 
model was built (Eq. 1) utilizing six DRAGON’s molecular descriptors (MDs) [47]. 
QSAR model with LDA-statistical parameters are show below: 

Class = 56.44×SIC2 + -9.66×Mor13m + 10.94×GATS5m + 130.55×SHP2 + 
0.05×ZM2V + 0.67×H-047 - 135.41       ……..  (Eq.  1) 

 
N = 47, Wilks' λ= 0.204, D2 = 15.17, F (6.25) = 16.262, p < 0.00001 

The accuracy values (Qtotal) of Eq. 1 for the training set was 96.9%, with a 
sensitivity and specificity of 94.7% and 100%, respectively, and the Matthews 
correlation coefficient (C) value obtained was 0.94 (see Table 5.2). In addition to this, 
similar values were obtained for test set, carrying out statistical parameters for 
accuracy of 93.3%, sensitivity of 88.9 %, specificity of 100%, and C value of 0.87. 
Moreover, both training and test sets presented a false positive rate of 0.0 %. Finally, 
statistical parameters obtained for this classifier are comparable with LDA-based 
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QSAR computational studies focused in drug discovery [49, 69, 70], showing the 
reliability of the QSAR to the virtual discovery of active compounds against DNMTs.  

Table 5.2. Prediction performance of LDA-based QSAR model for classifying molecules 
as active or inactive against DNMTs. 

a Matthews correlation coefficient,  b accuracy value, c 32 compounds (19 actives and 13 
inactives against DNMTs), d 15 compounds (9 actives and 6 inactives against DNMTs),  e 

number of compounds. 

5.5.2. Application of LDA-based QSAR Model for Discovery of NPs as DNMTis 

The NatProd Collection database comprises a diverse group of NPs constituted 
in 75% by alkaloids, flavonoids, sterols, triterpenes, diterpenes, sesquiterpenes, 
benzophenones, chalcones, stilbenes, limonoids, quassinoids, chromones, 
coumarins; and the remainer 25% encompasses quinones, quinonemethides, 
benzofurans, benzopyrans, rotenoids, xanthones, carbohydrates, benztropolones, 
depsides, and depsidones. Virtual screening studies have also been conducted using 
this database to search for NPs as inhibitors of proteins related to inflammatory 
processes, ulcerative colitis and cancer, such as Interleukin 6 (IL-6) [71] and 
mitogen-activated protein kinase Phosphatase-1, demonstrating its applicability in 
natural-based drugs discovery. 

LDA-based QSAR model was performed for discriminating of active/inactive 
molecules as DNMTis from 800 NPs from NatProd Collection previously optimized by 
molecular mechanics. In total, 447 compounds contained in the NPs collection were 
classified as active against DNMTs with ΔP% greater than 50% with potential 
activity. 

 
Actives Inactives Ntotal C a 

Qtotal 

b 

(%) 

Sensitivity 
rate (%) 

Specificity 
(%) 

False 
positive 
rate (%) 

Training set c 

Actives 18 1 19 
0.94 96.9 94.7 100.0 0.0 Inactives 0 13 13 

Ntotal 18 14 32 

Test Set d 

Actives 8 1 9 
0.87 93.3 88.9 100.0 0.0 Inactives 0 6 6 

Ntotal[e] 8 7 15 
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5.5.3. Searching of Promissory NPs as DNMTis by Molecular Docking Methods 

Molecular docking validation performed by re-docked of sinefungin and SAH on 
their complex with   DNMTs (3SWR and 2QRV, respectively), revealed an optimal 
reproduction of the predicted poses compared with experimental binding mode for 
these ligands (co-crystalized ligand), with satisfactory results with both AutoDock 
Vina and Surflex-Dock protocols. 

For illustrative purposes, the best poses obtained for each DNMT-ligand 
complexes with utilized molecular docking protocols are shown in Figure 5.4, 
showing the best binding pose obtained according to experimental co-crystallized 
ligand. RMSD values. 

 
Figure 5.4. Molecular superposition between predicted (yellow) and co-crystalized pose 

(purple) for sinefungin (3SWR) and SAH (2QRV) with AutoDock Vina (A,B) and Surflex-Dock 
(C,D) protocols, showing interacting residues on experimental complexes with DNMTs. 

The best conformation of pose replication expressed as the root mean standard 
deviation (RMSD) was 0.4997 Å. This value was obtained with AutoDock Vina for the 
2QRV-SAH complex, where the RMSD value for 3SWR-sinefungin was 0.8756 Å. In 
the case of Surflex-Dock, the best pose for sinefungin on 3SWR binding site 
presented a RMSD value of 1.9170 Å, and SAH presented a RMSD value of 1.1934 
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Å on 2QRV binding site. Obtained results were in agreement with similar studies 
conducted for this purpose. Medina-Franco et al. 2014, reported a RMSD value for 
sinefungin on 3SWR binding site of 0.547 Å using Glide XP program [9, 45]. These 
results showed the capability of using molecular docking protocols to reproduce the 
co-crystalized conformation of sinefungin and SAH on their experimental complexes 
with DNMTs. 

5.5.4. Molecular docking results using AutoDock Vina and Surflex-Dock 

Molecular docking of NPs on human DNMT1 and DNMT3A were preceded by 
pose validation using a re-docking co-crystalized ligand approach. A total of 447 
compounds predicted as active against DNMTs by the LDA-based QSAR model 
were evaluated by molecular docking with DNMT1 (3SWR) and DNMT3A (2QRV).  
Finally, 67 NPs were selected according to the obtained affinity values (kcal/mol) [54] 
selecting those NPs with values less than -9.0 kcal/mol for 3SWR and less than -7.0 
kcal/mol for 2QRV. These cut-off values were established according to the results 
obtained by molecular docking for the compounds used in the training and test sets 
on 3SWR and 2QRV structures. 

In order to optimize the selection of compounds, 67 NPs selected by affinity 
values criteria with AutoDock Vina were subsequently evaluated with Surflex-Dock 
(SYBYL-X 2.0) as a third filter. The selection criteria for NPs was a Total score value 
greater than 6.0 (-log(Kd)) for both DNMT structures used, selecting the best 19 NPs 
as promising DNMTis, as observed in Table 5.3, which also show affinity values 
obtained with AutoDock Vina for these compounds. 

Table 5.3. Compounds selected from NatProd collection as DNMT inhibitors using QSAR 
and molecular docking criteria. 

Compound 
Class 

a 
ΔP% b 

3SWR 
kcal/mol 

AV c 

2QRV 
kcal/mol 

AV 

3SWR-
log(Kd) d 

TSe 

2QRV 
log(Kd) 

TS 

Pectolinarin 35.10 100.00 -10.4 -7.8 6.1 9.1 

Daunorubicin 15.39 100.00 -9.3 -8.2 7.6 7.4 

Derrubone 14.82 100.00 -9.1 -8.1 7.5 6.6 

9,10-dihydro-12-
hydroxygambogic acid 

14.33 100.00 -9.5 -7.2 12.5 12.1 

Digoxin 13.83 100.00 -11.4 -8.6 6.6 7.3 

Pomiferin 13.76 100.00 -9.6 -9.1 7.5 6.4 

Dihydromunduletone 13.33 100.00 -9.8 -7.3 7.0 8.1 

Iridin 12.63 100.00 -9.4 -7.0 7.9 7.9 

Phloridzin 11.03 100.00 -9.1 -8.3 9.2 8.5 
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Folicacid 8.42 99.96 -9.9 -8.0 8.7 8.1 

Naringin 8.17 100.00 -9.8 -8.6 7.6 6.7 

Centaurein 8.08 100.00 -9.7 -7.4 8.0 7.6 

Table 5.3. Continued 

Amygdalin 7.78 99.99 -9.2 -8.7 9.6 8.1 

Pyrromycin 6.79 100.00 -9.2 -7.4 8.9 9.8 

4,2'-
Dihydroxychalcone 4-
glucoside 

5.94 99.99 -9.7 -8.9 6.4 7.6 

Reserpine 5.77 100.00 -9.2 -7.8 9.1 7.8 

Dimethylgambogate 5.69 100.00 -9.2 -8.2 12.0 11.6 

Berbamine 5.02 100.00 -9.4 -7.7 7.4 7.3 

Paclitaxel 4.50 100.00 -9.6 -7.8 9.9 9.9 
a Class: Classification obtained with LDA-based QSAR model, b ΔP%:[P (Active) − P 

(Inactive)] × 100, c AV: Affinity using AutoDock Vina, d logarithm negative of dissociation 
constant. e Total score using Surflex-Dock.  

 
Several studies focused in DNMTis discovery have been developed using 

protein-ligand docking approaches. Yoo et al. (2012) reported aurintricarboxylic acid 
(ATA) as a novel inhibitor of DNMT1 and DNMT3A, employing the Glide program [9] 
to explain also the relevant implications in DNMTs inhibition [72]. Medina-Franco et 
al. (2014), conducted a structure-based rationalization of the activity of SW155246 
and their structural analogues with human DNMT1 using the same program [45]. 
Although a number of studies for the discovery of DNMTis have been supported by 
methods of molecular docking, this report is the first where two different docking 
protocols, AutoDock Vina and Surflex-Dock are used to determine the interaction 
feasibility between compounds and DNMTs, applying the diversity of criteria for 
selection of NPs as new DNMTis. 

5.5.5. Molecular docking validation with DNMTis biological data 

The relationship between calculated binding scores (AutoDock Vina and Total 
score) and IC50 values (µM) could be taken as a measure of the likeliness of a 
particular compound to behave as a DNMTi.  A group of forty-five DNMT1 inhibitors 
(AID: 602386) were docked to DNMT1 (PDB code: 3SWR), and their respective 
binding affinity and total score values were calculated. The relationship between the 
biological activity (logIC50) and the binding scores for these inhibitors on DNMT1 are 
shown in Figure 5.5. The correlation analysis indicated the inhibition of DNMT1 
activity follows a highly dependence with calculated binding scores for these 
compounds (r= 0.83, p value <0.0001; for binding affinity vs logIC50, r= 0.65, p value 
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<0.0001; for Total score vs logIC50), with correlation coefficients comparable to those 
reported in other studies for these validations [60, 56, 59, 73] as shown in Figure 
5.5A and Figure 5.5B. These relationships were mostly linear in nature. The data 
revealed that NPs with affinity values lower than −9.0 kcal/mol and Total score 
values greater than 6.0 are likely to have IC50 values in the range of 4 to 25 μM, 
which suggest them as good candidates for DNMTs inhibition. 

 
Figure 5.5. Correlation between binding affinities calculated by AutoDock Vina (A) and 

Total score by Surflex-Dock (B) and their half maximal inhibitory concentration for forty-five 
DNMT1 inhibitors; µM (LogIC50). Circles show molecules with affinity values lower than −9.0 
kcal/mol and Total score values greater than 6.0. Regression lines were added for illustrative 
purposes.  

 

 



Natural Bioactive Compounds As Inhibitors Of Cancer Targets.          Ph.D. In Environmental Toxicology 

 

                                                      115 
 

 

 

5.6. Final Selection of NPs as New DNMTis by Cluster Analysis, Contact Patterns 
and Biological Information Reported So Far 

5.6.1 Cluster Analysis 19 NPs selected 

Molecular diversity analysis by k-mean clustering for calculated 28 MDs of 19 
NPs selected, and training and test set compounds; showed better clustering for 
compounds with k value = 11. Below are described the clusters containing the NPs 
selected: Cluster 1; comprised of dihydromunduletone, phloridzin, derrubone, 
pomiferin and 4,2'-Dihydroxychalcone 4-glucoside were placed in the same cluster 
with the active compounds ATA, EGCG and NCS97317 with centroid distance values 
between 0.31 to 0.51; Cluster 7: comprised of active compounds SGI-110, laccaic 
acid, pectolinarin, amygdalin, iridin, centaurein, daunorubicin, pyrromycin, naringin 
grouped with the centroid distance values between 0.19 to 0.63; suggesting their 
probability as DNMTis. Interesting results were obtained from Cluster 11 comprised 
of 9,10-dihydro-12-hydroxygambogic acid, digoxin, reserpine, berbamine, paclitaxel, 
and dimethyl gambogate. In this case, some NPs were not structurally similar to well-
known DNMTis, suggesting that these compounds could become in new scaffold for 
cancer therapies. Folic acid was grouped in Cluster 2 with the active compounds 
aza-Adomet, adoHcy, chlorogenic acid and sinefungin with centroid distance value of 
0.46. Considering the representativeness of each cluster, 12 NPs were selected from 
the last analysis; these NPs were: phloridzin, pomiferin, 2',4'-dihydroxychalcone 4-
glucoside, centaurein, daunorubicin, pyrromycin, 9,10-dihydro-12-hydroxygambogic 
acid, digoxin, reserpine, paclitaxel, folic acid and amygdalin. 

5.6.2. Contact Patterns at Distances Less Than 4 Å 

A chemical environment analysis for these 12 selected NPs on the DNMTs 
binding site was conducted by counting and identifying the nearest-neighbor residues 
for each compound in order to determinate contact patterns at distances less than 4 
Å on DNMTs structures (3SWR and 2QRV), and then comparing contact residues of 
selected NPs against those observed for known DNMTis, such as RG-108, 
sinefungin, SGI-110 and ATA (contacts for inactive compounds were also 
considered). Residues involved in the inhibition mechanism of DNMT1 and DNMT 3A 
[72, 74], such as, Phe-1145, Glu-1168, Glu-1169, Cys-1191, Glu-1266 and Val-1580 
showed distances of less than 4 Å with selected NPs on 3SWR binding site. 
Furthermore, for 2QRV relevant residues were Phe-636, Ile-639, Glu-660, Val-661 
and Asp-682, being these residues of interest in the searching for new DNMTis. 
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Finally, six NPs were selected as new and promising DNMTis (Figure 5.6); which are 
structurally different to those DNMT is reported in the literature. 

 
Figure 5.6. Six NPs selected as promissory DNMTis. 

5.6.3. Biological Information of Selected NPs 

Exhaustive searching of biological information for selected NPs was conducted. A 
summary of the most relevant information for each of these compounds is presented 
below. 

Phloridzin is a dietary natural product specifically found in apples with well-
known beneficial biological effects [75]. It has been used as a pharmaceutical and 
research tool for physiology for over 150 years. This compound has been related to 
inhibition of the sodium-glucose symporters [76], and commonly applied to the 
treatment of diseases such as diabetes [77], obesity [78], stress [79], inflammation 
[80], polycystic kidney disease [81], and cancer [82]. 
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2',4'-Dihydroxychalcone 4'-glucoside is isolated from Adhatoda vasica flowers 
[83]. This chemical contains very little biological information in the literature; 
however, its aglycone 2', 4'-Dihydroxychalcone and its derivatives have been 
implicated in pharmacological properties including, antimicrobial [84], antidepressant 
[85], and antineoplastic effects [86, 87]. 

Centaurein, a flavonoid isolated from Bidens pilosa, has been associated with 
immunomodulatory [88], antifungal [89], and anti-oxidant properties [90].  The role of 
centaurein in IFN-gamma regulation has been reported by inducing activity of  NFAT 
and NFkB enhancers in Jurkat cells [91]. 

Daunorubicin, an anthracycline produced by Streptomyces peucetius [92], has 
been extensively used for the treatment of acute promyelocytic leukemia by acting 
through epigenetic inactivation of genes in the INK4/CDK/RB cell cycle pathway [93, 
94], and other cancer therapies [95, 96], as well as against unwanted intraocular 
proliferation [97]. However, its anticancer effects have been related to inhibition of 
DNA topoisomerase II [98]. 

Pyrromycin is also an anthracycline produced  by Streptomyces [99] and its 
action modes has been mostly related to DNA topoisomerase II inhibition. This NP 
has shown several pharmacological activities, including antibiotic [100] and antitumor 
effects [101].   Also, this compound has been identified as an up-regulator of the 
ATP-binding cassette transporter A1 (ABCA1), a membrane transporter that directly 
contributes to high-density lipoprotein (HDL) biogenesis [102]. 

Finally, 9,10-dihydro-12-hydroxygambogic acid is a derivative of gambogic acid, 
found in Garcinia hurburyi  tree [103]. Gamboic acid analogs have been proposed as 
caspases activators and apoptosis inducers [104]. Besides, it has been related to 
growth inhibition of distinct cancer cell lines, including hepatoma, breast, gastric, lung 
carcinoma, and also T-cell lymphoma cells [105]. Although it has been related with 
histone acetyltransferases (HAT) inhibitory properties, its anticancer mechanism is 
not clearly understood [106]. 

The discovery of inhibitors of DNMT1 is under permanent attention.  A well-
known bioassay, which uses a novel non-radioactive high-throughput process, has 
been employed to assay ligands as human DNMT1 inhibitors. The data are the most 
comprehensive worldwide (359521 compounds) and the results are publicly available 
at PubChem (http://pubchem.ncbi.nlm.nih.gov/) and ChEMBL 
(www.ebi.ac.uk/chembl/) databases, under the tittle: uHTS identification of DNMT1 
inhibitors in a Fluorescent Molecular Beacon assay [Primary Screening] (AID: 
588458). NPs digoxin, pomiferin, folic acid, paclitaxel, naringin, and amygdalin were 
classified as inactive for DNMT1 in this assay, and they were not included in the final 
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group of selected NPs. However, classical DNMTis inhibitors, such as curcumin [33], 
genistein [107], caffeic acid and chlorogenic acid [40], among others, were also 
reported as inactive in that experimental assay. Although fluorescence-based high-
throughput screening (HTS) has been proposed as an economical, rapid and robust 
technique [108], these false inactives could be explained considering factors such as 
low solubility of evaluated compounds and interference by stray excitation light, 
which may underestimate activities and reduce HTS-hit rates [109]. 

5.6.4. Binding Mode Analysis for NPs on DNMTs Active Site 

The binding pose for two selected NPs with the best affinity value (2',4'-
dihydroxychalcone 4'-glucoside) and the total score (9,10-dihydro-12-
hydroxygambogic acid) were analyzed by characterizing the interactions on DNMTs 
binding site, as predicted using LigandScout 3.1 software [63]. This software uses 
simplified pharmacophores based on Molecular Operating Environment (MOE) to 
detect the number and nature of interactions existing between ligand-residue on the 
protein binding site. The binding mode of 9,10-dihydro-12-hydroxygambogic acid and 
2',4'-dihydroxychalcone 4'-glucoside on DNMT1 and DNMT3A binding sites are 
shown in Figure 5.7A and Figure 5.8A, respectively. 

Interacting residues for 9,10-dihydro-12-hydroxygambogic acid binding site on 
DNMT1 determined by LigandScout program are shown in 3D (Figure 5.7b) and 2D 
(Figure 5.7c) views. Glu-1168 and Gln-1127 presented H-bond interaction with 
hydroxyl and carboxyl group of 9,10-dihydro-12-hydroxygambogic acid, and 
hydrophobic interactions were observed for amino acids Phe-648, Met-1169 and 
Leu-1247 (Figure 5.7c). On the other hand, 2',4'-dihydroxychalcone 4'-glucoside 
forms H-bonds through the hydroxyl groups present in the glycoside with the 
backbone of Phe-1145 and Ala-699, and the side chain of Glu-1266 in the ENV motif, 
which is a target of most DNMTis (motif IV: E/Glu-1266, N/Asn-1267, V/Val-1268). 
This last residue is an important residue because it participates directly in the 
mechanism of C5 cytosine methylation by stabilizing the substrate [197]. The 
residues Met-1169, Leu-1247, Ile-1167, and Phe-1145 showed hydrophobic 
interactions for this compound (Figure 5.7d and Figure 5.7e). Of interest, Met-1169 
and Phe-1145, like Glu-1266 and Glu-1168, are present as interacting residues in the 
crystallographic structure of DNMT1-sinefungin complex (PDB code: 3SWR). 
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Figure 5.7. DNMT1-NPs (9,10-dihydro-12-hydroxygambogic acid and 2',4'-
dihydroxychalcone 4'-glucoside) complexes. The catalytic site is shown in (A). Interacting 
residues for the best pose of 9,10-dihydro-12-hydroxygambogic acid (3D (B) and 2D (C) 
views) and 2',4'-dihydroxychalcone 4'-glucoside (3D (D) and 2D (E) views) on DNMT1 binding 
site as predicted by LigandScout 3.1. Interaction types: h=hydrophobic, ha = H-bond acceptor, 
hd = H-bond donor. 
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Figure 5.8. DNMT3A-NPs (9,10-dihydro-12-hydroxygambogic acid and 2',4'-
dihydroxychalcone 4'-glucoside) complex. The complex is shown in (A). Interacting residues 
for the best pose of 9,10-dihydro-12-hydroxygambogic acid (3D (B) and 2D (C) views) and 
2',4'-dihydroxychalcone 4'-glucoside (3D (B) and 2D (C) views) on DNMT3A binding site as 
predicted by LigandScout 3.1. Interactions type: i = negative ionizable, h= hydrophobic, ha = 
H-bond acceptor, hd = H-bond donor. 
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The best conformation for 9,10-dihydro-12-hydroxygambogic acid on DNMT3A 
binding site (Figure 5.8B and Figure 5.8C) forms a H-bond with Arg-887, and an 
ionizable negative interaction with the side-chain of Arg-684 through the carboxyl 
group. However, only hydrophobic interactions are observed with Val-661, Leu-726, 
Val-754 and Leu-884. The interactions with Arg-684 and Arg-887 residues have been 
reported for the inhibitor SGI-1027 on DNMT3A binding site [72]. The best 
conformations for 2',4'-dihydroxychalcone-4'-glucoside on DNMT3A binding site 
(Figure 5.8d and Figure 5.8e) showed H-bonds with the side-chain of Ser-704, Cys-
706, Glu-752 through the hydroxyl groups of the glycoside fragment. For Phe-636, 
Val-661, Val-683 and Leu-726 residues only hydrophobic interactions were 
observed. It is important to highlight that the interaction with Phe-636 on DNMT3A 
binding site has been reported for known DNMTis, SGI-1027 RG108 and 
procainamide-conjugate (CBC12) [72]. Also, Phe-636 and Val-683 have been 
reported for the crystallographic DNMT3A-SAH complex (PDB code: 2QRV). 

Binding mode analysis of  NPs on DNMTs reveals that compounds such as 9,10-
dihydro-12-hydroxygambogic acid and 2',4'-dihydroxychalcone 4'-glucoside have 
important interactions on DNMT1 and DNMT3A binding sites, according to reports 
based on the crystallographic structures of inhibitors with DNMT1 (PDB: 3SWR) and 
DNMT3A (PDB: 2QRV), as well as from molecular docking studies with known 
DNMTis [43, 45, 72]. These results suggest the potential application of these NPs in 
anticancer therapies through the reduction of DNMTs activity. 

It is clear that some compounds reported here are clinical drugs, such as 
daunorubicin; which have pharmacokinetic and toxicological profiles as well as a 
well-known synthetic path. However, to date, these selected NPs have not been 
reported as DNMTis. Computational approaches proposed here may allow to make 
repurposing of these NPs in epigenetic studies. Furthermore, these compounds are 
structurally different from the well-known DNMTis  reported so far, opening a new 
window to the design of more potent and specific compounds in the treatment of 
cancer and related diseases. 

5.7. CONCLUSIONS 

Proper identification of a lead molecule is the most critical component of the drug 
discovery process. To this purpose, this report has shown how computational 
approaches like QSAR, and molecular docking procedures, combined with statistical 
techniques analysis could be used as tools to ensure high hit rates expected in the 
discovery of new cancer drugs. LDA-based QSAR model of active/inactive molecules 
used in this virtual screening, showed satisfactory results, with an accuracy of 93%, 
molecular docking results using AutoDock Vina and Surflex-Dock, combined with k-
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means analysis cluster, with k=11, and contact patters of interacting residues up to 4 
Å, suggest that several new structural chemotypes NPs ( 9,10-dihydro-12-
hydroxygambogic acid, phloridzin, 2',4'- dihydroxychalcone 4'-glucoside, 
daunorubicin, pyrromycin and centaurin) can be potential DNMTis. It is also 
suggested that the therapeutic effect of NPs could be achieved not only by inhibition 
of DNMT1 but also of DNMT3A. A major perspective of this study is the experimental 
validation of the consensus hits, and in addition to this, the multistep strategy used 
here can be implemented to screen other larger natural products databases. Our 
results also reinforce the notion that compounds with inhibitory DNMT activity can be 
found in natural sources, including dietary products. The methodology proposed in 
this study is an innovative approach for targeted identification of novel and selective 
inhibitors of DNMTs as a first step prior to in vitro and in vivo evaluations useful in the 
search of anticancer drugs from NPs. 
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CHAPTER 6. ANTICANCER ACTIVITY OF NATURAL DNA 

METHYLTRANSFERASE INHIBITORS AND INTERACTION WITH HUMAN 

SERUM ALBUMIN 

 
6.1. ABSTRACT 

Human DNA methyltranferases (DNMTs) have been proposed as important 
targets in epigenetic therapy. The overexpression levels of these DNMTs are 
reportedly in several cancers including colon, breast, prostate, liver, skin and 
leukemia. Therefore, the searching for DNA methyltransferase inhibitors (DNMTis) 
has become an alternative for cancer treatment. Virtual screening protocol showed 
that natural products (NPs) gambogic acid, phloridzin and digoxin have the potential 
to interact with DNMTs [296]. In this work, anti-methylating activity of three natural 
compounds (gambogic acid, phloridzin and digoxin), identified as potential inhibitors 
of DNMT1, were evaluated using the C-5 DNA methylase (M.SssI) and digestion with 
restriction enzyme (Bsh1236I), with a 465 bp fragment from human p16Ink4a 
promoter region. Aditionallly, these compounds were evaluated as antineoplastic 
agents in human breast adenocarcinoma (MCF-7), and human colon 
adenocarcinoma (HT-29) cell lines utilizing the MTT assay after 72 h exposure. The 
results showed that gambogic acid showed the most potent inhibitory propierties on 
DNMT1 activity. However, digoxin was most effective toward HT-29 (IC50 = 86 ± 2 
nM) compared with gambogic acid (IC50 = 2.9 ± 0.2 μM) and phloridzin (IC50 > 450 

µM). MTT assays also showed to digoxin with a higher cytotoxic activity against 
MCF-7 cells (IC50= 63 ± 1 nM) followed by gambogic acid (IC50 = 3.5 ± 0.1 µM). 
Phloridzin did not elicited cytotoxic activity against MCF-7 or HT-29. These natural 
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products (gambogic acid, and digoxin) also could interact with human serum albumin 
(HSA), according to fluorescence spectroscopy, circular dichroism (CD), UV-Vis and 
molecular modeling. These data suggest that gambogic acid and digoxin could be 
potential anticancer drugs and serve as scaffold for designing new and more potent 
molecules via DNMTs inhibition for cancer therapies. 

6.2. INTRODUCTION 

In many normal cellular processes it is involved in epigenetic consisting 
essentially of DNA methylation [2, 3]. Whereas our cells all have the same DNA, but 
our bodies contain many different types of cells: neurons, liver cells, pancreatic cells, 
inflammatory cells, and others. This fact explain because the cells, tissues and 
organs are different. Mainly because there are genes that are "active" or expressed, 
as well as others that are "inactive" or inhibited [4, 5]. Epigenetic silencing being 
known as a mechanism to disable genes, thereby contribute to processes of 
differential expression. This process may also explain, in part, why the twins (with the 
same genetic characteristics) are not phenotypically identical. That is why 
epigenetics is important for embryonic development, X chromosome inactivation in 
female mammals [6, 7], supporting the importance of regulating gene expression by 
epigenetic changes. 

DNA methylation regulates gene expression in mammalian development [8]. 
However, hypermethylation of the promoter regions play an important role in the 
development of cancer by transcriptional silencing of genes regulating cell normal 
development, such as tumor suppressor genes [9, 10]. DNA methylation is catalyzed 
by DNA methyltransferases (DNMTs) [11,12]. These enzymes are responsible of 
transferring a methyl group from S-adenosyl-L-methionine (SAM) to carbon-5 of 
cytosine in DNA [13, 14]. Three types of DNMTs have been identified, DNMT3 
(DNMT3A and DNMT3B) related with de novo DNA methylation [15, 16], and 
DNMT1, the most abundant and active, related with maintenance of DNA methylation 
patterns, such as shown in Figure 6.1 [17, 18]. DNMT1 has been reported with an 
important role in carcinogenesis [19, 20] and related with hypermethylation of 
promoter of tumor suppressor genes [21, 22]. Currently, DNMT1 are important 
targets in cancer therapies, with remarkable interest in searching of new and more 
potent specific inhibitors of DNMT1 [14, 23]. 

DNMTs inhibitors have been classified as nucleosides (azacitidine, decitabine 
and zebularine) [24-26] and non-nucleoside (sinefungin, RG-108 and SGI-1027, 
SW155246, SID49645275, among others) [27-30]. However, only two of them, 
azacitidine and decitabine, have been approved as drugs for the treatment of 
myeloplastic syndromes [31], although side effects have been reported [32, 33]. 
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Natural compounds such as, epigallocathechin-3-gallate (EGCG), curcumin, 
genistein, psammaplin A, laccaic acid, have been proposed as inhibitors of DNMT1 
[1, 34, 35]. However, these exhibit a weak inhibitory activity. Computational methods 
have served for searching of new DNMT1 inhibitors. Recently, natural compounds 
have been re-taken as a promising source of new and selective compounds against 
cancer [1, 24]. 

 
 

Figure 6.1. Proposed catalytic mechanism for DNA methylation by DNMTs. 
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In this work the anti-methylating activity of three natural compounds (gambogic 
acid, phloridzin and digoxin), identified as potential inhibitors of DNMT1, was 
evaluated by virtual screening [1], using the C-5 DNA methylase (M.SssI) and 
digestion with restriction enzyme (Bsh1236I), with a 465 bp fragment from human 
p16Ink4a promoter region [36]. Furthermore its antineoplastic activity was evaluated 
with human cancer cells HT-29 and MCF-7. Additionally, the interaction of these 
compounds with human albumin was studied by spectroscopic methods (circular 
dichroism, UV-VIS, and quenching of fluorescence) and computational methods of 
molecular protein-ligand docking. 

6.3. MATERIALS AND METHODS 

6.3.1. Molecular Modelling of Interaction of NPs with human DNMT1 

The crystal structure of DNMT1 (PDB: 3SWR) was used for the docking studies. 
The water molecules were removed and the protein structure was minimized with the 
Powell method with Kollman United/All Atom force field and the Amber charges. 
Finally, the protein structure was prepared for the docking runs performed with 
Surflex–Dock from SYBYL X-2.0 package [1]. 3D structures of gambogic acid, 
digoxin and phloridzin were optimized using DFT with B3lYP 6-31-G basis set with 
Gaussian 09 program, and the final structure was saved as Mol2 format [37]. 
Docking calculation were performed by flexible docking algorithm with default 
settings and using the protomol on co-crystallized ligand sinefungin, threshold 0.1 
and bloat 10. The poses with the most higher Total score (-logkd) values were saved 
for identifying of the main interacting residues in the binding site HAS-gambogic acid 
by LigandScout 3.0 program [38]. 

6.3.2. In vitro Evaluation of the Inhibitory Activity against DNMT1 of Promising 
Natural Compounds. 

The inhibitory activity against DNMT1 of natural compounds, gambogic acid, 
phloridzin and digoxin was evaluated using the methylation assay [230], the 
substrate DNA for the in vitro was a 465 bp fragment from the promoter region of the 
human p16Ink4a gene obtained for PCR, using DNA extracted from human blood, and 
the primers, Forward: 5′-ACGCCTTTGCTGGCAGGCGGG-3′ Reverse: 5′-
GCCAGTCAGCCGAAGGCTCCATG-3′. The methylation reaction contained 950 to 
1000 ng substrate DNA and 1 μL of M.SssI methylase (CpG Methyl transferase, 
Thermo Fisher Scientific, #EM0821) in a final volume of 20 μL. Evaluated natural 
compounds were added to final concentrations of 5 to 2000 μmol/L, respectively. 
Methylation reactions were performed at 37 °C for 1 hours. After completion, the 
reaction was inactivated at 65°C for 15 minutes and the DNA was purified using the 
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Thermo Scientific GeneJET PCR Purification Kit (Thermo Fisher Scientific, #K0701). 
The DNA was eluted with 20 μL of elution buffer to increase the concentration, and 
subsequently digested for 1 hour at 37 °C with the restriction enzyme Bsh1236I 
(BstUI, Thermo Fisher Scientific, #ER0922). The reaction products were analyzed by 
electrophoresis on 1.2% Tris-borate EDTA agarose gels. 

6.3.3. Evaluation of antitumor activity of natural compounds in MCF-7 and HT-29 
cells. 

Evaluation of the anticarcinogenic properties of natural compounds was 
performed by the MTT reduction assays to 72 hours with breast cancer (MCF-7) and 
colon (HT-29) cell lines, both of human origin. 

Breast (MCF-7) and colon (HT-29) cancer cells. 

HT-29 cells were cultured in Dulbecco's modified medium (DMEM) Eagle 
supplemented 10% fetal bovine serum, penicillin (100 U/mL), streptomycin (10 
μg/mL) and 0.2 mM sodium pyruvate. At the same time the cell line MCF-7 was 
grown in Eagle's minimum essential medium (EMEM), supplemented with 10% fetal 
bovine serum. All cell cultures (HT-29 and MCF-7) were incubated in an atmosphere 
with 5% CO2 and 100% relative humidity at 37 °C. Maintenance of cell lines was 
established by weekly passes and changing the culture medium twice a week [39]. 

HT-29 and MCF-7 cell viability by MTT assay. 

Cells were pre-incubated at a concentration of 1 × 106 cells/mL in culture medium 
for 2 hours at 37 °C and 5% CO2. They were then seeded at a concentration of 1× 
104 cells in 100 μL of culture medium and different concentrations (in order μM) the 
compound evaluated dissolved in solution of 5% DMSO were placed in microplates 
(tissue culture grade, 96 well , flat bottom) and incubated for 72 hours at 37 °C and 
5% CO2. For each well were subsequently added 75 μL of MTT (for final 
concentration of 1 mg/mL in medium for each type of cells) and incubated for 2 hours 
at 37 °C and 5% CO2. Untreated cells (only 5% DMSO) were taken as negative 
control [40]. Controls and samples were made in lines of eight wells for each 
concentration and three replicates of each compound for cell line employed. 

The spectrophotometric absorbance of the samples was measured using a 
microplate reader (ELx800 - BioTek). The wavelength for the absorbance of 
formazan product was set between 570 and 620 nm. The IC50, defined as the 
concentration of compound required to inhibit cell growth to 50% was determined by 
plotting a graph of Log (concentration of evaluated compound) vs % inhibition of cell 
growth. A line drawn from the 50% value on the Y axis meets the curve and 
interpolates the X axis, whose value is the Log (molar concentration of the 
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compound) [39]. The antilog of this value gives the IC50 value. The percentage 
inhibition of the tested compounds against cell lines tested was calculated using the 
following formula: 

% Living cells = ((As-Ab)) / ((Ac-Ab)) x100 
 

Where, As = absorbance of the sample Ab = absorbance of the blank (culture 
medium), and Ac = absorbance of the negative control (untreated cells). 

% Inhibition = 100% living cells 

6.3.4. Evaluation of the interaction of natural compounds human serum albumin 
(HSA) using UV-VIS, quenching of fluorescence and UV-CD 

Natural compounds were also evaluated as ligands of human serum albumin 
(HSA), which is the most abundant protein and transporter drug of human blood. For 
this, different spectroscopic techniques were used such as ultraviolet-visible (UV-
VIS), quenching of fluorescence and circular dichroism (UV-CD). 

UV-VIS spectra for titration of HSA with natural compounds evaluated 

UV-VIS UV–Vis spectra were recorded with a double beam Lambda Bio 20 
Perkin Elmer spectrophotometer for certification of HSA with natural products 
(gambogic acid and digoxin), with a scan absorbance between 200 and 400 nm for 
all assays. The volume of HSA at a concentration of 2.5 × 10-5 M was 1 mL, and the 
concentration ranges of the compounds tested were between 0 and 16.4 μM based 
on the final volume. Solutions of protein and ligands were prepared in buffer 10 mM 
phosphate, 20 mM NaCl at pH 7.4. 

Quenching fluorescence spectra for titration of HSA with natural compounds 
evaluated 

The interaction of HSA with natural compounds was also evaluated with 
fluorescence quenching spectroscopy. Titrations were performed HSA at a 
concentration of 2.5 × 10-5 M with concentrations for natural compounds between 0 
and 16.4 μM. Solutions of protein and ligands were prepared in buffer 10 mM 
phosphate, 20 mM NaCl at pH 7.4. Excitation wavelength was 280 nm and the 
emission spectra were obtained by scan between 285 to 400 nm using a Shimadzu 
RF-5301 PC spectrofluorophotometer equipped with a temperature controller with. 
Titrations were realized with three different temperatures (303, 310 and 317 K) [41]. 
The Van't Hoff equation, lnK = -ΔH0/RT + ΔS0/R, was used to determine the 
thermodynamic parameters governing the HSA–natural products interactions. 
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Molecular docking for HSA-gambogic acid complex 

The crystal structure of HSA (PDB: 4S1Y) was used for the docking studies. The 
water molecules were removed and the protein structure was minimized with the 
Powell method with Kollman United/All Atom force field and the Amber charges. 
Finally, the protein structure was prepared for the docking runs performed with 
Surflex–Dock from SYBYL X-2.0 package [1]. 3D structure of gambogic acid was 
optimized using DFT with B3lYP 631-G basis set with Gaussian 09 program, and the 
final structure was saved as Mol2 format [37]. Docking calculation employs an 
automatic flexible docking algorithm with default settings and using the protomol 
automatic, threshold 0.1 and bloat 10. The poses with the most higher Total score (-
logkd) values were saved for identifying of the main interacting residues in the 
binding site HAS-gambogic acid by LigandScout 3.0 program [38]. 

UV-CD spectra for titration of HSA with gambogic acid 

UV-CD spectral for titration of HSA with gambogic acid was performed, solutions 
of protein and ligand were prepared in buffer 10 mM phosphate, 20 mM NaCl at pH 
7.4. Far UV spectra were obtained by scanning of wavelength between 190 nm to 
250 nm, for concentrations of 0 to 1.25 μM vs mean residue molar ellipticity at 209.6 
nm and 222 nm using a Jasco, J-810 spectropolarimeter, equipped with a xenon 
lamp monochromatic linearly polarized and a temperature controller accessory. Six 
scans were accumulated within the spectral range of 195–250 nm, at a scan rate of 
100 nm/min, a response time of 2 s, bandwidth of 2 nm, and pitch data of 0.1 nm. 
(+)-10-Camphorsulfonic acid was used for calibration of the spectropolarimeter 
following the manufacturer's instructions [42]. Data analysis were performed using 
the software supplied by the manufacturer, where only baseline correction at 245 nm 
and 250 nm for far UV CD were performed. The relationship between the 
concentration of acid gambogic and ellipticity for both wavelengths was studied for 
protein-ligand complex [39]. 

6.4. RESULTS AND DISCUSSION 

6.4.1. Interaction of evaluated natural compound with DNMT1 

Molecular docking protein ligand showed that gambogic acid (-logKd=11.6), 
digoxin (-logKd = 6.6) and phloridzin (-log Kd= 9.2) binding to hDNMT1 (PDB: 
3SWR) on catalytic site (Figure 6.2). Main residues involved in the interaction were 
predicted by LigandScout 3.1, showing important residues for enzyme activity such 
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as Cys-1191 and Glu-1168 [43], among others. Additionally, these residues are 
presents in the interaction of DNMT1 with co-crystallized inhibitor sinefungin [1]. 

 
Figure 6.2. Human DNMT1-natural compounds complex binding site (A), and main 

residues involved in the interaction for gambiogic acid (yellow), digoxin (blue) and phloridzin 
(purple) (B) predicted by LigandScout 3.1. 

6.4.2. Inhibition of Purified Recombinant DNA Methyltransferase Activity by 
Evaluated Natural Compounds. 

In vitro methylation assay was performed [36] (Figure 6.3) with previous 
optimization assays for working range for concentration of natural compounds and 
reaction time of M.SssI for human p16Ink4a promoter region (Figure 6.3A) methylation 
and posterior digestion with Bsh1236I restriction enzyme were performed for 
establishing of the best conditions for assays. Several times were evaluated (15, 30, 
60 and 120 minutes), showing that only 15 minutes are enough for methylation of 1 
ng of human p16Ink4a promoter region obtained by PCR (Figure 6.3B). 

Treatments with gambogic acid (GA), digoxin (DG) at 500 μM, resulted in a 
detectable decrease in DNA methyltransferase activity, as visualized by the 
appearance of small Bsh1236I restriction fragments in the electrophoresis analysis. 
However, phloridzin (PZ) required a higher concentration about 2000 μM for present 
any inhibitory effect on DNA methylation (Figure 6.3C). Surprising, GA presented the 
most potent DNMT1 inhibition with appreciable inhibition in concentrations of 5 μM 
(Figure 6.3D), being these results better than those reported for the RG-108 inhibitor 
evaluated by this protocols [36]. 
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Figure 6.3. In vitro inhibition of DNA methylation for natural compounds. The substrate 

DNA for the in vitro methylation assay was a 465 bp fragment from human p16Ink4a promoter 
region obtained by PCR (A) Optimization of reaction time for DNA methylation by M.SssI and 
posterior digestion with Bsh1236I restriction enzyme by 1 hour (B). Treatment with gambogic 
acid (GA), digoxin (DG, at 500 μM and phloridzin (PZ at 200 μM) showed reduction of DNA 
methylation (B). Gambogic acid presented potent inhibitory activity even at treatment of 5 μM 
(D). 

6.4.3. Antineoplastic activity of natural compounds on MCF-7 and HT-29 cells. 

The anti-proliferative activity of gambogic acid, digoxin and phloridzin was 
determined in breast cancer cells (HT-29) cell lines and colon cancer (MCF-7) using 
3- (4,5-dimethylthiazol-2- yl) -2,5-diphenyltetrazolium bromide (MTT) assay for cell 
viability after 72 h exposure [99]. Control experiments were carried out in a medium 
100% and 5% DMSO Medium. A graph of representative dose response of natural 
products gambogic and digoxin against HT-29 and MCF-7 is shown in Figure 6.4. 
However, phloridzin didn´t show cytotoxic activity against MCF-7 or HT-29 cells at 
lower concentrations 75 μM.  

Results shown that digoxin, a cardiac glycosides commonly used therapy for rate 
control in atrial fibrillation [44] showed the most potent effects in both cell lines. The 
IC50 values were 86 ± 2 nM and 63 ± 1 μM for HT-29 and MCF-7 cells respectively. 
Gambogic acid also showed antiprliferative activity for HT-29 and MCF-7 cells (288 ± 
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20 nM and 350 ± 10 μM respectively). This obtained data support theirs reported 
antineoplastic activity [45, 46]. Several studies had reported that digoxin can reduce 
prostate cancer risk, as a drug for prostate cancer treatment [47, 48]. Gambogic acid 
also had been with activity against gastric cancer and glioblastoma [49, 50]. 
However, anticancer mechanism for these compounds are not yet all clear. 
According to the data suggests that digoxin and gambogic acid could have explained 
its activity via inhibition of DNMT1, which have been reported in higher levels in 
breast and colon cancer [51, 52]. 

 

Figure 6.4. Cytotoxic properties of evaluated natural compounds. Dose-response curves 
of gambogic acid againts HT-29 (A) and MCF-7 (C). Dose-response curves of digoxin into 
HT-29 (B) and MCF-7 (D). Phloridzin not presented cytotoxic activity for concentrations of 450 
μM. The IC50 values are shown.  

6.4.4. Spectroscopic studies and molecular docking for interaction of natural 
compounds with HAS 

Evaluation of HSA-natural compound interaction by UV-VIS 

Titration of HSA with natural compounds evaluated, showed only for the HSA- 
gambogic acid complex increases absorbance values at 280 and 365 nm 
(Figure 6.5A), suggesting the protein ligand interaction. However, in the titration for 
digoxin, significant changes were not observed comparing with the initial spectrum of 
the protein (Figure 6.5B). The absorption spectrum for the compounds tested at the 
highest concentration titration (16.4 μM) showed that gambogic acid has absorption 
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peaks between 250 and 400 nm (Figure 6.5C), requiring the correction methods for 
calculations thermodynamic parameters with fluorescence quenching spectroscopy. 
For digoxin, absorption peaks were not presented in this area so that no correction 
methods will be required for fluorescence analysis [39]. 

 
Figure 6.5. UV/VIS spectra for titration of HSA with NPs. The intensity of absorption 

directly increase with the concentration of gambogic acid for peaks in 280 and 365 nm (A). 
However, for digoxin not were observed significant variations (B), the used concentration of 
HSA for this assay was 2.5 × 10-5 M. 

Analysis of HSA-natural compound interaction using fluoresce quenching 

The analysis of the results was directed fluorescence results obtained with 
gambogic acid and digoxin. The thermodynamic parameters were calculated for 
titrations with HAS-gambogic acid (Figure 6.6A) and digoxin (Figure 6.6B) with 
temperatures of 30, 37 and 44 ° C (303, 310, and 317 K) for subsequent calculations 
of thermodynamic parameters. Due to the UV-VIS spectrum for gambogic acid, with 
absorption bands in the zone of fluorescence emission for HSA, a correction method 
was applied for quenching spectra HSA-gambogic acid for the inner filter effect using 
the formula [Fcorr = Fobs antilog(Abs excitation + Abs emission)/2], F=Fluorescence, 
Abs=absorbance.  

A decrease in fluorescence intensity at 360 nm, when excited at 280 nm, 
respectively, is attributed to changes in the environment of the protein fluorophores 
caused to the presence of natural compounds evaluated, probably for the interaction 
with Trp-214, the only tryptophan residue in human serum albumin [53, 54]. 
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Figure 6.6. Fluorescence quenching spectra of titration of HSA with gambogic acid (A) 

and digoxin (B). 

The fluorescence quenching mechanisms usually contain dynamic quenching 
and static quenching, which are caused by diffusion and ground-state complex 
formation respectively [55]. To elucidate the possible mechanism responsible for the 
quenching of HSA intrinsic fluorescence intensity, the Stern–Volmer plot was 
constructed for gambogic acid (Figure 6.7A) and digoxin (Figure 6.7B). Stern–Volmer 
quation (Eq.1) was used to analyze the data, where F0 and F are the fluorescence 
intensities in the absence and presence of quencher respectively, Kq is the 
biomolecular quenching constant, τ0 is the life time of the fluorescence in absence of 
quencher (for biopolymer is 10−8 s−1), [Q] is the concentration of quencher, and Ksv is 
the Stern–Volmer quenching constant [39].  

 

 Eq. 1 
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Figure 6.7. Van't Hoff plot for titrations of HSA with gambogic acid (A) and digoxin (B). 

In principle, the static quenching constant decreases as the temperature is 
raised. A linear Stern–Volmer plot is indicative of a single quenching mechanism, 
either static or dynamic, in general titrations for HSA with natural compounds were 
linear [39]. However, major variations were observed for gambogic acid (Figure 
6.6A). Different thermodynamic parameters as variations in enthalpy, entropy and 
free energy can be calculated starting from the Van't Hoff equation, (Table 1) and the 
equation for Gibbs free energy. ΔG° = ΔH° - ΔTΔS°, depending on the temperatures 
used in each of the HSA- natural compound titration (Table 6.1) [41]. 
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Table 6.1. Thermodynamic parameters for HSA–natural compounds interactions. 

 

Compound Van't Hoff  equation      m    b 

Gambogic acid y = -2494.7X + 18.049 -2494.7 18.049 

Digoxin y = 1918.2X + 1.8732 1918.2 1.8732 

 

Compound ΔH° ΔS° 
ΔG° 

(303K) 
ΔG° 

(310K) 
ΔG° 

(317K) 

Gambogic acid 20.7 150.1 -24.7 -25.8 -26.8 

Digoxin -15.9 15.6 -20.7 -20.8 -20.9 

m = slope of the graph, b = Intercept, ΔH° = enthalpy, ΔS° = Entropy, ΔG° = Gibss Free 
Energy. 

Based on the method proposed by Ross and Subramanian [56] for protein-ligand 
interactions can be used thermodynamic parameters ΔH°, ΔS° and ΔG° to describe 
intermolecular forces governing forces on the complex through the following 
propositions: ΔH° > 0 and ΔS° > 0 implies hydrophobic interactions; ΔH° < 0 and 
ΔS° < 0 suggests van der Waals and hydrogen bonding; ΔH° ~ 0 (slightly positive or 
negative) and ΔS° > 0 implies electrostatic and ionic interactions [39, 41]. 

According to the above, HSA-gambogic acid complex presents electrostatic and 
hydrophobic and ionic interactions. As for the HSA-digoxin complex features a 
combination of electrostatic type interactions and van type derWaals (dipole-dipole, 
dispersion, .ΔH° <0) and electrostatic and ionic interactions (ΔS° > 0). For digoxin, 
suggest interactions type van der Waals and electrostatics [56]. 

Evaluation of interaction HSA- natural compounds complex by molecular docking 

The interaction of natural compounds (gambogic acid and digoxin) to HSA (PDB: 
4S1Y) was performed using molecular docking protocols with Surflex-Dock from 
SYBYL-X 2.0 package [1]. Obtained Total scores (-Logkd) values shown that the 
best value was to the gambogic acid, with a total score of 9.4 (for digoxin -Logkd 
value was 6.5), supporting the data obtained for the thermodynamic parameters 
(Table 6.1). Additionally, binding sites were identified on HSA protein (Figure 6.8A) 
and the interacting residues were predicted by the LigandScout 3.1 program [38]. 
The main residues were Trp-214, Ala-191 (hydrophobic interactions), Ser-192, Lys-
195 and Lys-436 (bond hydrogen acceptor), as is presented in Figure 6.8B. Trp-214 
residue, located in the binding site with gambogic acid and digoxin, belong to HSA 
subdomain IIA, a binding site of the studied drugs [53]. 
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Figure 6.8. HSA-natural compounds complex binding site (A), and main residues 
involved in the interaction for gambiogic acid (yellow) and digoxin (blue) (B) Predicted by 
LigandScout 3.1. 

Studies of circular dichroism for HSA-gambogic acid interaction 

Far UV CD studies were performed for titration of HSA with gambogic acid. CD 
spectra provides a wealth of information both the structural changes in HSA upon 
ligand titration when examining the far UV CD spectral region (190 to 250 nm) and 
the conformation and extent of the hydrophobic interaction by examining the near UV 
CD spectral region. Spectral data for HSA in the absence of gambogic acid are 
according to those previously published by in the far and near UV CD spectral range 
[57, 58]. A decrease for initial ellipticity of HSA is probably caused by changes on 
secondary structure (Figure 6.9A) probably due to the interaction with gambogic acid 
at concentrations greater than 0.32 mM at 209.6 nm (Figure 6.9B) and 222 nm 
(Figure 6.9C), docking calculations presented that gambogic acid can binding to 
subdomain IIA of human serum albumin, a site for drugs [53, 54].The data suggest a 
direct relationship between the concentration of acid gambogic and ellipticity for both 
wavelengths (209.6 and 222.0 nm, indicating the interaction between HSA and 
gambogic acid. 
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Figure 6.9. UV-CD Spectral overlay for titration of HSA with gambogic acid (A). 

Relationship for concentrations of gambogic acid (0 to 1.25 μM) vs mean residue molar 
ellipticity at 209.6 nm (B), and 222.0 nm (C). 

6.5. CONCLUSIONS 

The results suggest that acid gambogic, potent inhibitor of DNMT1 and digoxin 
have promising cytotoxic properties against cell lines HT-29 and MCF-7 at 
concentrations nM and μM respectively. Spectroscopic methods showed interaction 
between HSA and gambogic acid. Regarding thermodynamic parameters calculated, 
these suggest a static interaction for complex formation HSA- gambogic acid, 
methods of molecular docking support information obtained with values for ΔH° = 
enthalpy, ΔS° = entropy, ΔG° = Free energy Gibbs. The digoxin and gambogic acid 
could be a platform for the discovery of new anticancer compounds, with greater 
potency and selectivity by inhibiting DNA methyltransferases decreasing side effects. 
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CHAPTER 7. CONCLUSIONS AND FINAL REMARKS 

 

Cancer is a disease caused by multiple factors, where most of these factors 
correspond to the toxicological effects of environmental contaminants such as UV 
radiation, heavy metals, endocrine disruptors, polycyclic aromatic hydrocarbons, 
among others. Currently, there is great global interest in the search for more effective 
cancer treatments to reduce the alarming number of annual deaths reported by this 
disease. 

 Natural compounds have been considered a valuable source for the discovery of 
more effective drugs with fewer adverse effects. In this thesis, was performed a 
rational searching to identify bioactive molecules capable to inhibit enzymatic activity 
of cancer target proteins, we found different promissory compounds with potential 
therapeutic properties. This multidisciplinary strategy, involving different 
methodologies combining computational approaches, molecular biology assays, 
spectroscopic methods and powerful statistical tools in order to ensure solid and 
reliable information. The results showed that naturally occurring compounds may 
have inhibitory effects on cancer-related protein, such as COX-2, iNOS and DNMTs, 
and modulate biochemical mechanisms governing in carcinogenic process. Obtained 
data for natural compounds evidence its potential applicability in the prevention and 
treatment of cancer. 

Molecular docking protocols revealed that some natural compounds, such as 
curcumin (natural dye from turmeric) and all-trans retinoic acid (vitamin A derivative) 
can interact directly with the COX-2 enzyme, in addition to the known properties of 
transcription regulators for this protein. We found that curcumin has the ability to bind 
competitively and allosterically to COX-2 in the presence of potent inhibitor celecoxib 
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(synthetic inhibitor) increasing their inhibitory effect. Methods of molecular docking 
protein-ligand, also revealed that food-related compounds, silibinin (flavonolignan) 
and cyanidin-3-rutinoside (anthocyanin), also can exert a direct inhibitory action on 
iNOS enzyme, besides known regulation of inflammation-related genes. 

 Multistep strategy used, combined computational approaches statistical 
techniques analysis to ensure high hit rates expected in the discovery of new cancer 
drugs. LDA-based QSAR model showed satisfactory results suggest that several 
new natural chemotypes (9,10-dihydro-12-hydroxygambogic acid, phloridzin, 2',4'- 
dihydroxychalcone 4'-glucoside, daunorubicin, pyrromycin and centaurin) can be 
potential DNMT inhibitors. Also suggested that the potential therapeutic effect of 
natural compounds be achieved not only by inhibition of DNMT1 but also of 
DNMT3A. Finally, suggest our methodology as an innovative approach for targeted 
identification of novel and selective inhibitors of DNMTs as a first step prior to in vitro 
and in vivo evaluations useful in the search of anticancer drugs. 

The in vitro evaluation of inihibitory activity of DNMTs for natural compounds 
gambogic acid, digoxin and plhoridzin revealed that these compounds have activity 
against DNMT1 (M.SssI). Gambogic acid was the most potent DNMT1 inhibitor 
(inhibitory effect to 5 μM). Digoxin and gambogic acid presented promising cytotoxic 

properties against both HT-29 and MCF-7 with IC50 values in nM and μM range. 
Additionally, spectroscopic methods showed interaction between human serum 
albumin, drug transporter, with digoxin and gambogic acid. Thermodynamic 
parameters calculated, suggest static interaction for complex formation HSA- 
gambogic acid and HSA-digoxin. Methods of molecular docking support the 
experimental information obtained with values for ΔH° = enthalpy, ΔS° = entropy, 
ΔG° = free energy Gibbs. Our results revealed that natural compound digoxin and 
gambogic acid could be scaffold for the discovery of new anticancer compounds, 
with greater potency and selectivity by inhibiting DNA methyltransferases decreasing 
side effects. 

Finally, another of the contributions made in this thesis was the contribution to 
construction of a data base with 2D and 3D promising molecules from Colombian 
biodiversity named Natural Compound Databank from Colombia (NCDC) the first 
database of natural compounds of Colombia, where users can find more It contains 
2680 molecules, including information about the corresponding 2D and 3D 
structures, physicochemical properties (Figure 7.1). Medicinal plants have been used 
for years in daily life and to treat diseases all over the world. Colombia accounts for 
approximately 10% of the world's biodiversity and is home to about 50.000 species of 
plants. (http://190.27.248.60:8088/web_ncdc/index.php). This database is still under 
development and not available yet. 
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Figure 7.1. Natural Compound Databank from Colombia (NCDC), some screenshot of 

database are visualized. 

NCDC, is expected to be a useful tool for future research focused in discovery of 
compounds with promissory properties for prevention and treatment diseases, 
application in cosmetics and food industry. 
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GLOSSARY 

Natural bioactive compound: extranutritional constituent (molecule) that typically 
occur in small quantities in foods. They are being intensively studied to evaluate their 
effects on health. 

Cancer: is the name given to a set of related diseases. In all cancers, some of the 
body's cells begin to divide without stopping and spread to surrounding tissues. 

Circular dichroism (CD): is the difference in the absorption of left-handed 
circularly polarized light and right-handed circularly polarized light and occurs when a 
molecule contains one or more chiral chromophores (light-absorbing groups). This 
technique is used to investigate the secondary structure of proteins. 

Cytotoxic assay: Testing the effects of compounds on the viability of cells grown 
in culture is widely used as a predictor of potential toxic effects in whole animals. 
There are different assays, these have been widely used by the pharmaceutical 
industry to screen for cytotoxicity in compound libraries. 

DNA methylation: Is a heritable epigenetic mark involving the covalent transfer of 
a methyl group to the C-5 position of the cytosine ring of DNA by DNA 
methyltransferases (DNMTs). 

Docking:  Computational tool that using several algorithms tries to predict the 
structure of the intermolecular complex, formed between two or more constituent 
molecules. Molecular docking generally applied to protein-ligand interactions. 

Drug: In pharmacology, is defined as chemical substance used in the treatment, 
cure, prevention, or diagnosis of disease or used to otherwise enhance physical or 
mental well-being. 

Drug discovery: Process through which potential new medicines are identified. It 
involves a wide range of scientific disciplines, including biology, chemistry and 
pharmacology. 

Enzyme: are several complex proteins produced by cells and act as catalysts in 
specific biochemical reactions. 

Enzyme inhibitors: are substances which alter the catalytic action of the enzyme 
and consequently slow down, or in some cases, stop catalysis. There are three 
common types of enzyme inhibition - competitive, non-competitive and substrate 
inhibition. 
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Ligand: is a substance that bind biomolecule and forms a complex to serve a 
biological purpose. 

Molecular modelling: Molecular modelling encompasses all theoretical methods 
and computational techniques used to mimic and study the structure and behavior of 
molecules, ranging from small chemical systems to large biological molecules and 
material assemblies. 

PCR-RFLP: It is a technique very frequently used in molecular studies, and is the 
combination of two basic methods in molecular biology. First a PCR amplification of 
the target gene is performed, and then digestion (or cut pieces) of the amplified 
product with restriction enzymes is carried out, to see the resulting fragments or 
restriction fragments of evaluated gene. 

Posing: The process of determining whether a given conformation and orientation 
of a ligand fits the active site. This is usually a fuzzy procedure that returns many 
alternative results. 

QSAR: Quantitative Structure Activity Relationship (QSAR) are regression or 
classification models used as reliable alternative in the food and pharmaceutical 
industry for the analysis of related compounds. 

Scoring: During posing phase usually involves simple energy calculations 
(electrostatic, van der Walls, ligand staring, among others). Further re-scoring might 
attempt in order to estimate more accurately the free energy binding (ΔG, and 
therefore KA) perhaps including properties such as entropy and solvation.  

Spectroscopy: is the analysis of the interaction between matter and any portion of 
the electromagnetic spectrum. Traditionally, spectroscopy involved the visible 
spectrum of light, but x-ray, gamma, and UV spectroscopy also are valuable 
analytical techniques. Spectroscopy may involve any interaction between light and 
matter, including absorption, emission, scattering, etc. 

Virtual screening: It is a computational technique uses computer-based methods 
to discover new ligands on the basis of biological structures widely used in drug 
discovery reducing time and costs.  
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ABBREVIATIONS 
 
ABCA1                      ATP-binding cassette transporter A1  
AdoHcy-S                  S-adenosyl-L-homocysteine  
AdoMet                      S-adenosyl-L-methionine  
AID                            Assay ID in PubChem Bioassay 
AIDS                          Acquired immune deficiency syndrome 
AMT                           2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine 
AP-1                          Activator protein-1  
ATA                           Aurintricarboxylic acid  
AV                             AutoDock Vina 
BRCA1                      Breast cancer 1 
Bsh1236I                   Restriction enzyme   
CD                             Circular dichroism 
CID                            PubChem chemical structure identifier  
CSC                          Cancer stem cells  
COX-2                      Cyclooxygenase-2  
DMEM                      Dulbecco's modified medium  
DNMT                       DNA methyltranferases  
DNMTi                      DNA methyltranferase inhibitor 
EGCG                       Epigallocathechin-3-gallate  
EMEM                       Eagle's minimum essential medium  
eNOS                        Endothelial nitric oxide synthase  
ERKs                         Extracellular signal–regulated kinases  
FDA                           Food and Drug Administration 
ΔG                             Gibbs free change 
GATS5m                   2D autocorrelation  
GOLD                        Global Operations Leadership Development 
H-047                        Atomic centered-fragment  
ΔH                             Enthalpy change 
HDL                           High-density lipoprotein  
HSA                           Human serum albumin 
HTS                           High-throughput screening  
HT-29                        Colorectal cancer cell lines 
IC50                             Experimental half maximal inhibitory concentration 
iNOS                         Inducible nitric oxide synthase  
IMMAN                      Information theory based chemometric analysis 
JNK                           c-Jun N-terminal  
LDA                           Linear Discriminant Analysis  
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L-NIL                        L -Lysine ω-acetamidine dihydrochloride 
MAPK                       Mitogen-activated protein kinase  
MCF-7                       Breast cancer cell lines 
MGMT                      O-6-methylguanine-DNA methyltransferase 
MOE Molecular        Operating Environment  
Mor13m                    3D-moRSE descriptor  
M.SssI                       DNA methylase  
mM                            milimolar concentration 
MTT                           3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
NFAT                        Nuclear factor of activated T cells  

NFβ                         Nuclear factor kB  
nNOS                         Neuronal nitric oxide synthase  
NPs                           Natural products 
nM                             Nanomolar concentration 
NO                             Nitric oxide  
p16Ink4A                     Cyclin-dependent kinase inhibitor 2A 
p38                            Mitogen-activated protein kinases 
PCR                          Polymerase Chain Reaction 
PDB                           Protein data bank 
QSAR                        Quantitative structure activity relationship 
μM                             Micromolar concentration 
UV-VIS                      Ultraviolet-Visible radiation 
RFLP                         Restriction Fragment Length Polymorphism 
RMSD                        Root mean square deviation 
ΔS                              Entropy change 
SAM                           S-adenosyl-L-methionine  
SHP2                         Randić molecular profile  
SIC2                          Information index 
SOCS1                      Suppressor of cytokine signaling 1 
STAT-1                      Signal transducers and activation of transcription-1  
TFPI2                         Tissue factor pathway inhibitor 2 
WHO                          World Health Organization 
WIF1                          WNT inhibitory factor 1 
ZM2V                         Topological descriptor 
 

 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl

