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Resumo
A exposição contínua a níveis elevados de hormonas estrogénicas está
associada a um maior risco de aparecimento de cancro da mama. Neste
sentido, a aromatase, uma enzima da família citocromo P450 envolvida na
conversão

de

androgénios

(testosterona

e

androstenodiona)

em

estrogénios (estradiol e estrona), é um importante alvo terapêutico para o
tratamento anti-hormonal do cancro da mama em mulheres na pósmenopausa. A inibição desta enzima é possível recorrendo a compostos
estruturalmente semelhantes ao substrato androstenodiona, ou através de
compostos do tipo não-esteróide. Adicionalmente, diversos estudos têm
sugerido que moléculas relacionadas com os produtos da reacção
catalisada pela aromatase, tais como estrogénios endógenos ou polifenóis
naturais, têm capacidade para se ligar ao local activo da aromatase
actuando como inibidores competitivos.
Actualmente, a aplicação de técnicas informáticas no design assistido por
computador de novos fármacos tem permitido a descoberta e optimização
de compostos com potente actividade biológica. Ao longo deste trabalho,
diversas técnicas de modelação molecular foram combinadas com um
ensaio rápido e preciso de avaliação biológica, tendo em vista a descoberta
de novos compostos inibidores da aromatase e a racionalização da sua
actividade ao nível atómico.
O objectivo inicial deste trabalho consistiu em estudar a relação estruturaactividade de novas classes de inibidores da aromatase, tais como
estrogénios e seus metabolitos endógenos e compostos polifenólicos
naturais. Estas moléculas foram testadas num ensaio bioquímico usando
microssomas de placenta humana como fonte da aromatase, e a actividade
anti-hormonal foi comparada com diversos inibidores de referência.
Derivados dos estrogénios do tipo catecol e polifenóis naturais provenientes
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de diversas origens e com diferentes graus de funcionalização, tais como
flavonas, flavanonas, resveratrol e oleuropeína, foram identificados como
potentes inibidores da aromatase. Os requisitos físico-químicos para uma
ligação eficaz ao local activo da enzima foram identificados através de uma
combinação de técnicas de modelação molecular, tais como cálculos de
superfícies de potencial electrostático, estudos de relações quantitativas
estrutura-actividade tridimensionais, mapeamento de campos de interacção
molecular no local activo de um modelo de homologia da enzima e estudos
de docking enzima-ligando. Da análise dos resultados obtidos, foi proposto
um modelo virtual para o local activo de ligação a polifenóis naturais e
foram apresentadas novas regras de relação estrutura-actividade, úteis
para o design racional de derivados de síntese. Para além disso, este
estudo permitiu discutir um possível envolvimento dos catecois estrogénios
num mecanismo de controlo da aromatase, assim como possíveis
implicações clínicas para o desenvolvimento de cancro da mama em
mulheres na pós-menopausa.
Os resultados destes estudos motivaram o desenvolvimento de uma
estratégia de screening virtual para a descoberta de novos inibidores
potentes da aromatase, com base na estrutura de inibidores conhecidos.
Na ausência de uma estrutura cristalográfica de alta resolução da enzima,
obtida por difracção de raios-X, o elevado número de inibidores potentes da
aromatase descritos na literatura, em combinação com um conjunto de
inibidores identificados na parte inicial deste estudo, constituíram uma base
cientifica consistente para os estudos de screening virtual de moléculas.
Três modelos de farmacóforos foram desenvolvidos tendo por base
características físico-químicas comuns a diferentes conjuntos de inibidores
da aromatase, nomeadamente compostos do tipo não esteróide contento
azóis, compostos do tipo esteróide e polifenóis naturais. O volume e a
forma destas moléculas, assim como a informação acerca do modo como
se ligam ao local activo da aromatase, foram igualmente incluídos nestes
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modelos. Trinta e seis compostos promissores foram identificados numa
vasta livraria virtual de moléculas pertencente ao “Nacional Cancer
Institute” e testados in vitro. Os resultados obtidos permitiram identificar
novos inibidores da aromatase de elevada potência, activos em
concentrações nanomolares, comparáveis a inibidores da aromatase de
segunda e terceira geração. Estas moléculas foram identificadas como
inibidores competitivos, tendo uma delas provocado também inactivação
irreversível da enzima dependente do mecanismo de catálise.
Em conclusão, os resultados obtidos neste trabalho fornecem novos dados
para a discussão do papel do metabolismo dos estrogénios no cancro da
mama, identificam novos compostos com elevada actividade antiaromatase e evidenciam a importância do uso combinado de técnicas
computacionais e ensaios de avaliação biológica no processo de
descoberta de novos inibidores da aromatase.
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Abstract
Continuous exposure to high levels of endogenous estrogens is associated
with increased risks of developing breast cancer. In this sense, aromatase,
the cytochrome P450 enzyme involved in the conversion of androgens,
testosterone and androstenedione, into estrogens, estradiol and estrone, is
an important target for the endocrine treatment of breast cancer in
postmenopausal women. Aromatase inhibition is achieved either with
compounds structurally related to the androstenedione substrate or with
non-steroid inhibitors. Moreover, increasing evidence suggests that
compounds mimicking the products of catalysis, such as endogenous
estrogens as well as natural polyphenols, are able to bind into the
aromatase active site as competitive inhibitors.
Computer-assisted drug design refers to the application of informatics on
the discovery and optimization of biologically active compounds. In this work
we took advantage of several molecular modelling tools, combined with a
fast and accurate biochemical evaluation assay, to the discovery and
rational at an atomic level, of the anti-aromatase properties of new
molecules.
The first objective of this study was to explore the structure-activity
relationships of emerging new classes of aromatase inhibitors such as
estrogens and their endogenous metabolites, and natural polyphenols. The
compounds were tested on a biochemical assay with aromatase extracted
from human term placenta and their activities compared to that of reference
compounds. Catechol estrogens as well as polyphenols from several natural
sources and variable degree of functionalization, including flavones,
flavanones, resveratrol and oleuropein, were found to be strong aromatase
inhibitors. The physicochemical determinants for their productive binding to
the active site of the enzyme were characterized through a combination of
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molecular modelling techniques, such as electrostatic surface potential
calculations, three-dimensional quantitative structure-activity relationships,
molecular interaction field mapping at the active site of a homology model of
the enzyme, and docking experiments. A virtual receptor site for the binding
of natural polyphenols was proposed and new structure-activity rules, useful
to the rational design of synthetic derivatives were derived. Moreover, the
involvement of catechol estrogens in a control mechanism of estrogen
production was discussed, along with the clinical implications to breast
cancer development in postmenopausal women.
The results of these preliminary studies motivated a ligand-based virtual
screening strategy for new potent compounds. In the absence of a high
resolution X-ray structure of the enzyme, the vast information on strong
aromatase inhibitors reported in the literature, combined with some of the
most active polyphenols identified in this study, provided a good starting
point. Three pharmacophore models were built based on the common
physicochemical features of distinct sets of aromatase inhibitors, namely,
azole non-steroid, steroid and polyphenol compounds. Molecular shape and
information about their active site binding mode was also included in the
models. Thirty six promising compounds were extracted from the large
National Cancer Institute database and tested experimentally. New potent
aromatase inhibitors were identified, active at very low nanomolar
concentrations, comparable to second and third generation reference
compounds. These molecules are competitive inhibitors and one of them
was identified as a mechanism-based inactivator.
In summary, the results of this work provided new data on the role of
catechol estrogens in breast cancer and identified new potent aromatase
inhibitors, highlighting the importance of a combined use of computational
studies and biochemical assays for the discovery of new aromatase
inhibitors.
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Thesis organization
The present thesis consists of seven chapters, including a general
introduction, computational and experimental results divided into three
chapters, conclusion remarks, appendix and a final chapter with supporting
references.
The general introduction provides the basic background for the work
described. This chapter starts with a brief description of the breast cancer
disease and therapeutic options available. The importance of an antihormonal treatment with aromatase inhibitors is introduced and the
involvement of estrogens in the pathology is discussed, along with their
mechanisms of production, binding to the receptor and metabolism.
Functional, structural and catalytic aspects of cytochrome P450 enzymes
are reviewed with particular attention given to the aromatization mechanism.
Several generations and classes of aromatase inhibitors are presented.
Finally, the biochemical assay used to screen new anti-aromatase
candidates is discussed, as well as some basic principles of computerassisted drug design.
The second chapter reports results on the biochemical evaluation of the
main estradiol and estrone metabolites as aromatase inhibitors. The
interaction of these compounds with the enzyme is discussed based on
electrostatic surface potential calculations. A possible physiological role for
these compounds and their potential for lead optimization are presented.
In the third chapter results from a biochemical and computational study with
natural polyphenols from different natural sources are described. A virtual
receptor site model is proposed for the interaction between the polyphenols
and the enzyme aromatase. Structure-activity rules are extracted for the
design of new aromatase inhibitors.
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The fourth chapter presents the results of a virtual screening strategy for the
discovery of new aromatase inhibitors based on the structures of known
molecules. Three models are presented, each one derived from a different
class of aromatase inhibitors. The experimental validation of this approach
led to new potent aromatase inhibitors.
Chapters two, three and four include an abstract, a brief introduction, results
and discussion, conclusions and a section with the materials and methods
used.
Chapter five states the major conclusions drawn from this work, chapter six
includes an appendix with a pharmacophore model validation results and
chapter seven provides the supporting references.
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1.1. Breast cancer
1.1.1. General considerations
Breast cancer results from an uncontrolled proliferation of abnormal cells
that starts in the ducts and nodules of the breast tissues. Although initially
confined to a small area (carcinoma in situ), breast tumors progress into
invasive lesions, spreading through the lymphatic vessels into nearby lymph
nodes, usually those in the axillae, above the collarbone or in the chest.
Advanced breast cancer can also metastasize at distant locations via the
blood and lymphatic systems. Common locations for the development of
secondary tumors include brain, bones, liver and lungs. Metastasization is
the major cause of mortality associated to this type of cancer.1
Breast cancer is the most diagnosed type of cancer in Europe, accounting
for 13.5% of all cases. Other common types include colorectal cancer
(12.9%), lung cancer (12.1%) and prostate cancer (10.8%). Early detection
due to the use of X-ray screening mammography favors treatment efficacy.
Therefore, breast cancer is only the third most common cause of cancer
mortality with 7.7% of all deaths, ranked immediately after lung cancer
(19.7%) and colorectal cancer (12.2%).2 In men, the incidence rate of breast
cancer is approximately 100 times lower than in women, being the chances
of survival nearly the same.3
The risk of developing breast cancer is directly related to the female sexual
hormones and the number of ovulatory cycles experienced lifelong. Besides
age and gender, the most important risk factors of developing the disease,
other relevant variables include an early menarche or a late menopause. A
personal or familiar history of breast cancer, a late or never having
pregnancy, the presence of dense breast tissue on a mammography or
taking high doses of estrogens are also significant risk factors. Furthermore,
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breast cancer is favored by genetic mutations in the BRCA1 and BRCA2
genes or by medical procedures involving high doses of radiation. Lifestyle
factors, such as postmenopausal obesity, are also associated with an
increased incidence.4

1.1.2. Breast cancer treatment approaches
Besides new therapies under clinical trials, four different types of treatment
are currently used for patients with breast cancer: surgery, radiotherapy,
chemotherapy and anti-hormonal therapy.5
Most people need surgery to remove the tumor. However, the area to
remove depends on the size and spread of the disease. The most
conservative procedures remove the tumor but not the breast itself
(lumpectomy and partial mastectomy), whereas in other cases removal of
the whole breast is required (total mastectomy), together with the chest wall
muscles under the breast and the lymph nodes under the arm (radical
mastectomy). Even if the whole detectable tumor is removed by surgery,
adjuvant therapy can be used to eliminate malignant cells that might remain
undetectable.

Breast

cancer

adjuvant

therapy

uses

radiotherapy,

chemotherapy or anti-hormonal therapy to reduce recurrence and increase
the chances of survival.
Radiotherapy uses high-energy radiation to destroy cancer cells, whereas
chemotherapy uses oral or intravenous drugs, usually administered in
combination. Chemotherapy protocols include nitrogen mustard alkylating
agents (cyclophosphamide), antimetabolites (methotrexate, 5-fluorouracil,
gemcitabine and capecitabine), anthracycline antibiotics (doxorubicin and
epirubicin) and mitotic inhibitors (paclitaxel, docetaxel and vinorelbine).
These treatments can be physically exhausting for the patient and have
several side effects affecting mainly the fast-dividing cells of the body. For
this reason, treatments are performed in cycles of therapy and recovery.
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If the tumor is hormone sensitive, reduction of estrogen levels by
ovariectomy, hypophysectomy or adrenalectomy can prevent tumor growth
and spread or even cause regression of the disease. The need for these
surgical procedures was reduced by the use of anti-hormonal therapy with
tamoxifen or aromatase inhibitors (AIs). Anti-hormonal therapy has less side
effects than chemotherapy, extending women’s life and improving their
quality of life.6
Tamoxifen is a selective estrogen receptor modulator (SERM) that blocks
the growth of breast tumors by competitive antagonism with the female
sexual hormones to the estrogen receptor (ER).7 Tamoxifen was approved
by the U.S. Food and Drug Administration in 1977 as a drug for the
treatment of advanced breast cancer and later, for the adjuvant treatment of
early breast cancer. Although this molecule has antagonist activity in the
breast tissue, partial estrogen agonist effects are observed in other tissues
such as bone and endometrium. These effects can be advantageous, since
they may prevent bone demineralization in postmenopausal women,8;9 but
also detrimental, due to increased risks of uterine cancer10;11 and
thromboembolism.12 Furthermore, despite proven benefits to a large number
of patients, resistance to this drug is a significant problem.13
On the other hand, aromatase inhibitors suppress estrogen levels by
blocking the enzyme aromatase. Recent large scale clinical trials with
postmenopausal women revealed that estrogen depletion, with potent and
selective aromatase inhibitors, is a more effective and well tolerated
therapeutic
tamoxifen.

option

14;15

against

hormone-dependent

breast

cancer

than

Third generation aromatase inhibitors are used as first-line

therapy for the treatment of breast cancer in both early and advanced
tumors, and ongoing studies are investigating the use of aromatase
inhibitors to prevent breast cancer in postmenopausal women at increased
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risk.16 Similar to tamoxifen, third generation aromatase inhibitors are orally
active.
Used as monotherapy in premenopausal women, aromatase inhibitors
increase

gonadotropin

secretion

(follicle-stimulating

and

luteinizing

hormones) due to decreased feedback over the hypothalamus and pituitary.
Therefore, clinical application of aromatase inhibitors in premenopausal
women requires concomitant administration of a gonadotropin-releasing
hormone agonist.17 Moreover, used for short periods, aromatase inhibitors
have been successfully employed to stimulate follicular growth and to
induce ovulation in women with low fertility.18

1.1.3. Breast tissue estrogens
Estrogens are important for the normal development and growth of the
human body. Besides their involvement in sexual differentiation, control of
the reproductive cycle and pregnancy, they are implicated in many non
reproductive functions. For instance, in the cardiovascular system,
estrogens have protective effects either directly through the interaction with
the blood vessels or indirectly through the plasma lipoprotein metabolism.19
In the bone, estrogens regulate the normal mineralization, controlling the
balance between bone formation and bone resorption.20

In the central

nervous system, several neuroendocrine functions have been attributed to
estrogens, namely neuroprotection against Alzheimer’s disease and
schizophrenia.21
However, prolonged exposure to high concentrations of estrogens might
have detrimental effects. Breast and uterus tissues are highly sensitive to
the mitogenic effects of estrogens, and excessive cell proliferation can lead
to replication errors and to an increased risk of breast and endometrial
cancers.22 More than a century ago, Beatson reported the importance of
endocrine control in breast cancer, describing three cases of patients with
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advanced breast cancer treated by bilateral ovariectomy, the surgical
removal of the ovaries, leading to regression of the disease.23 Beatson’s
observations were the basis of the current anti-hormonal treatment of breast
cancer.
About 70-80% of breast cancers express hormone receptors that are
responsive to the mitogenic effects of estrogens. If the primary tumor
expresses these receptors, more than 80% of the lymph node metastases
and about 70% of distant metastases retain this property. ER positive (ER+)
tumors tend to grow slower and better differentiated than ER negative (ER−)
tumors. Therefore, the ER+ status is associated with a better overall
prognosis and is an important indicator of potential response to endocrine
therapy.24;25
After the menopause, a dramatic fall of about 90% is observed in the
plasma estradiol (E2) levels. However, breast tissues sustain the local E2
concentrations at nearly the same levels found in premenopausal women,
suggesting local estrogen synthesis or a mechanism of active uptake from
the circulation. Moreover, the dominant estrogen in the plasma is estrone
sulfate (E1S), an inactive derivative, whereas E2 is the most abundant
estrogen in breast cancer tissue of postmenopausal women.26
1.1.3.1. Uptake from the circulation
Even at very low estrogen plasma concentrations, estrogen receptor rich
tissues like breast, are able to concentrate these hormones due to the high
binding affinity of E2 to the ER (Kd= 0.35×10−12 M).27 These plasma/tissue
gradients explain, at least partially, the high concentration of estrogens
found in the breast tissues of postmenopausal women.
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1.1.3.2. Local production of estrogens
Breast tissue has all the enzymatic machinery to produce and store
estrogens from dehydroepiandrosterone (DHEA). The most important
enzymes involved are the 3β-hydroxysteroid dehydrogenase Δ5-4 isomerase
(3β-HSD),

the

aromatase,

the

17β-hydroxysteroid

dehydrogenase

(17β-HSD), the steroid sulfatase (STS) and the estrogen sulfotransferase
(EST, Figure 1.1). These enzymes modulate the hormonal environment
within breast tissue, controlling proliferation of both normal and breast
cancer cells.28

Figure 1.1. Enzymes involved in production and transformation of
estrogens in the human breast cells. This figure was adapted from
literature.28
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3β-Hydroxysteroid dehydrogenase Δ5-4 isomerase
The 3β-HSD performs a sequential 3β-hydroxy dehydrogenation and a Δ5 to
Δ4 isomerization of the steroid precursors, thus catalyzing the formation of
the A-ring enone system from 3β-hydroxy-Δ5 steroids. This enzyme is
essential for the biosynthesis of all steroid classes, such as glucocorticoids,
mineralocorticoids, estrogens, androgens and progestagens. Type I 3β-HSD
isoenzyme is predominantly expressed in the placenta and peripheral
tissues,

such as skin, liver and mammary glands, whereas the type II

isoenzyme is expressed in the adrenal gland and gonads.29 Induction of the
3β-HSD increases the production of androstenedione and testosterone,
which are known to have antiproliferative effects in breast cancer cells.30
Furthermore, 3β-HSD converts androst-5-ene-3β,17β-diol (ADIOL), a
steroid with estrogenic activity due to high affinity for the ER,31 into
testosterone. However, because aromatase is also expressed in breast
cells, the androgens produced by 3β-HSD are converted into estrone and
estradiol, as described in further detail in the section below. Therefore,
3β-HSD modulates the balance between estrogenic and androgenic
responses and the final proliferative or antiproliferative effect depends on
the local aromatase activity.
Aromatase
Aromatase (CYP19) is an enzyme of the cytochrome P450 superfamily that
catalyzes the final and rate-limiting step of the conversion of androgens,
testosterone and androstenedione, into estrogens, estradiol and estrone,
respectively.
Aromatase is highly expressed in the ovaries of premenopausal women,
controlled by cyclic gonadotropin stimulation and in the placenta of pregnant
women.32 Other tissues, including adipose tissue,33 liver,34 muscle,35 brain36
and breast tissue,37 have also the ability to express aromatase. After
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menopause, estrogen production arrives exclusively from peripheral
sources, mainly the muscle and subcutaneous fat, through aromatization of
androgens derived from the adrenals and ovaries.33;35 Although the
aromatase activity in muscle and fat is lower than in placenta and ovary, the
large amount of these tissues in the body results in significative estrogen
production. Furthermore, even with the mean plasma estradiol levels falling
after the menopause, the concentration of estradiol in breast tissues is
significantly higher, mainly due to the local aromatase activity.38
17β-Hydroxysteroid dehydrogenase
The 17β-HSD catalyzes stereospecific redox reactions at the position C17
of steroids such as androgens and estrogens. This enzyme converts less
active hormones, DHEA, E1 and androstenedione into more potent ones,
ADIOL, E2 and testosterone, respectively, and vice-versa. Therefore,
17β-HSD play a fundamental role in the hormonal regulation, controlling the
intracellular availability of steroids to the nuclear receptors.39
Distinct subtypes of 17β-HSD have been identified. The type 1 is the major
isoenzyme involved in the conversion of estrone into estradiol in the human
breast tissue,40 whereas 17β-HSD type 2 catalyzes the reverse oxidative
reaction as well as the conversion of testosterone into androstenedione.41
Both the subtypes are expressed in normal breast tissue of premenopausal
women where the oxidative activity seems to be dominant.42 On the other
hand, up-regulation of 17β-HSD type 1 was shown in both primary breast
cancer cells and metastatic tissues, being associated with a less favorable
prognosis of the disease.43;44 On this basis, selective inhibitors of the type 1
isoenzyme could be a new potential approach to block estradiol
biosynthesis in the gonads and in target tissues. Inhibitors based on this
rational have been developed for the treatment of hormone-dependent
breast cancer.45
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Steroid sulfatase and estrogen sulfotransferase
After estrone production via the aromatase pathway, much of this steroid is
rapidly sulfated into estrone sulfate in a reaction catalyzed by estrogen
sulfotransferase, an enzyme that is found mainly in tissues such as that of
the reproductive tract, breast, skin, brain, bone and blood. On the other
hand, the enzyme that hydrolyses estrogen-sulfate back into free estrogen
is the steroid sulfatase, which is more widely distributed in the body.46;47
Sulfation of estrogens renders them more hydrophilic and unable to bind the
ER. Therefore, given that E1S is the major circulating form of estrogen in the
plasma, with levels 10 to 20 times higher than those of E1 or E2, and with a
considerably longer half-life (t1/2=10 to 12 hours) when compared to the
unconjugated estrogens (t1/2=20 to 30 minutes),48;49 it is assumed that E1S
acts as a reservoir of active estrogen, via reaction catalyzed by STS,
protecting peripheral tissues from excessive estrogenic stimulation.
Furthermore, STS also catalyzes the hydrolysis of dehydroepiandrosterone
sulfate (DHEAS) to the unconjugated form, DHEA.28
In conclusion, both STS and EST regulate the in situ production of
estrogens in human breast cells and have prognostic significance in breast
carcinomas. The EST activity was found to be inversely correlated with the
tumor size and significantly associated with an improved prognosis.47

1.1.4. The estrogen receptor
The predominant biological effects of estradiol are mediated by two
members of a large family of nuclear receptors, the ERα and the ERβ.50
While the ERα is the predominant subtype in uterus,51 ERβ is highly
expressed in other tissues, such as breast,52 prostate,53 testis,54 bone,55
immune system,56 cardiovascular system57 and central nervous system.58
The proliferative actions of estradiol, mediated via the ERα, can be opposed
by the ERβ in several tissues.50 Because of these anti-proliferative effects,
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the role of ERβ as a tumor suppressor in several types of cancer was
proposed, including those of breast, ovary, colon and prostate.59 ERβ has
been reported to be expressed at high levels in normal breast and,
frequently, to be lost during multi-stage oncogenesis.60 Consistent with
these findings, in vitro studies have demonstrated growth inhibition when
ERβ is expressed in ERα-positive breast cancer cells.61-63
Emerging evidence suggests that ERs are activated by multiple pathways.64
The classical, ligand-dependent, mechanism of E2 action states that ligand
binding induces conformational changes to the ER, promoting dimerization
and high affinity binding to specific DNA estrogen response elements
(EREs). Depending on the cell type and promoter context, the DNA-bound
receptor causes either up- or down-regulation of the gene transcription and
subsequent tissue responses (Figure 1.2). Alternatively, ligand independent
mechanisms of ER activation have been described. For example, activation
of kinases by growth factor signaling leads to phosphorilation and thus
activation of ERs.65;66 This cross-talk between signaling pathways might
explain the hormone-independent growth of some tumors and the clinical
resistance to anti-hormonal therapy.67;68
Other important players in the activation of estrogen receptors are the
coregulators, proteins recruited by ERs to activate (coactivators) or to
repress (corepressors) ER transcription.69;70 Therefore, estrogen receptor
effects are tripartite, involving the receptor itself, the ligands and the
coregulator proteins recruited.
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Figure 1.2. Estrogen receptor activation by ligand-dependent and ligandindependent mechanisms. This figure was adapted from literature.64

Estrogen receptors share six common functional domains labeled A to F
(Figure 1.3): an N-terminal region involved in interactions with coregulators
(A/B domain); a DNA-binding domain (C); a hinge domain involved in
dimerization and binding to heat shock protein HSP90 (D), a ligand-binding
domain (E) and a C-terminal domain which contributes to the transactivation
of the receptor (F).71

Figure 1.3. Schematic representation of the ER structure. The percentage
of homology between ERα and ERβ is shown. This figure was adapted
from literature.71

The DNA-binding domain is the most conserved region with 97% homology
between ERα and ERβ. Less conserved domains include the ligand-binding
domain, with 60% homology, and the A/B/F domains, which are highly
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variable in sequence and length, with only about 18% homology. Therefore,
ERα and ERβ can be activated by distinct ligands and interact with different
coregulator proteins, which explains the distinct effects on the transcription
of genes.71
Besides E2 and E1, other compounds including natural diet polyphenols, and
synthetic drugs, are also able to bind ERs.72 Whereas pure agonists, such
as E2, are active in all cell and coregulator contexts, selective estrogen
receptor modulators have mixed agonist/antagonist activities depending on
the ligand-induced conformational changes of the ER, the receptor isoform,
the coregulatory proteins of the target tissues and the promoter sequences
of the DNA. Both agonist and antagonist compounds bind to the same
internal cavity of the ER ligand-binding domain, however, antagonists
sterically prevent the receptor to adopt the agonist conformation, which
prevents recruitment of coactivators.73 Ideal SERMs retain the beneficial
effects of estrogen in tissues like brain, bone and cardiovascular system,
but lack the mitogenic and carcinogenic action in the breast and uterus.74

1.1.5. Estrogen metabolism
Estrogens are metabolized by oxidative (phase I) and conjugative (phase II)
pathways. Cytochrome P450 enzymes, involved in oxidative metabolism,
produce mostly A-ring metabolites, by 2- and 4-hydroxylation, or D-ring
metabolites by 16α-hydroxylation (Figure 1.4).75 In addition, other oxidative
metabolites are produced in relatively small quantities by 6α-, 7α-, 12β-,
15α-, 15β- and 16β-hydroxylation.76 Although the liver has the highest
metabolic rate of oxidative metabolism, similar pathways were also
identified in extrahepatic locations such as the breast tissue,77;78 uterus,79;80
placenta,81 kidney82;83 and brain.84
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Figure 1.4. Schematic representation of the main metabolic pathways of
estradiol hydroxylation and O-methylation. Estrone metabolism follows
similar paths (structures not shown). Modified from literatute.75

Catechol-O-methyltransferase (COMT) converts catechol estrogens into
their 2-methoxy and 4-methoxyestrogen derivatives. This enzyme is present
in large amounts in the liver and kidney, but also in the uterine
endometrium, mammary gland and many other tissues.85;86 Other phase II
enzymes, such as glucuronosyltransferase (GT), sulfotransferase (ST),
estrogen acyltransferase (EAT) and glutathione S-transferase (GST),
convert hydroxylated metabolites to their glucuronide, sulfate, fatty acid and
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glutathione conjugates, respectively (Figure 1.5). These more soluble
metabolites are found in large amounts in the urine.75

Figure 1.5. Oxidative (phase I) and conjugative (phase II) metabolism of
estrogens. Modified from literature.75

Initially considered inactive, estradiol metabolites have gained interest in
recent years due to the discovery of potent pro and anticarcinogenic
activities and to the elucidation of their potential to bind to the ER and to
have estrogenic activity.87 In this sense, understanding the biological
properties of these compounds is extremely important, in order to assess
their involvement in control mechanisms of tumor growth.
1.1.5.1. C2-Metabolites
The

2-hydroxylation

of

estrogens

into

catechol

derivatives,

2-hydroxyestradiol (2-OHE2) and 2-hydroxyestrone (2-OHE1), is the major
metabolic pathway in liver (ratio 2-OHE2 to 4-OHE2 of ~6:1),76 producing
compounds that bind to the classical ER with much weaker estrogenic
activity than the parent hormones.88-90 Furthermore, 2-OHE1 was found to
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have potent antiestrogenic activity able to suppress the growth and
proliferation of hormone-dependent human breast cancer cells.91 Several
P450 isoforms contribute to the 2-hydroxylation of estrogens. In the breast,
CYP1A1, CYP1A2 and CYP3A4 are the main metabolizing enzymes.92-94
Due to the fast activity of COMT, 2- and 4-methoxyestrogens are more
abundant in the human plasma and urine than the parent catechols. These
compounds have little or no binding affinity to the ER when compared to
estradiol, and are deprived of its estrogenic effects. Furthermore,
2-methoxyestradiol (2-MeOE2) exerts unique biological effects that are not
associated

with

the

ER,

such

as

antiangiogenic,

antiproliferative activities in several tumor types.

95;96

cytotoxic

and

These findings led to

the clinical evaluation of 2-MeOE2 in phase I and phase II trials for the
treatment of multiple types of cancer97;98 and to the development of several
derivatives with improved potency and bioavailability.99-101
1.1.5.2. C4-Metabolites
The 4-hydroxylation of estradiol into 4-OHE2 is a significative hydroxylation
pathway in several reproductive tissues.77;80 4-OHE2 exhibits estrogenic
activity similar to that observed with estradiol and binds to the ER with a
slow dissociation rate.90;102 The extensive mitogenic stimulation in breast
tissue may play a role in both initiating and promoting breast
carcinogenesis, which is corroborated by the higher levels of 4-OHE2 found
in breast tumor tissues as compared to normal breast tissues.77 CYP1B1 is
the main enzyme involved in the 4-hydroxylation of estrogens.103
1.1.5.3. C16-Metabolites
In a similar manner to the 4-hydroxyl metabolites, 16α-hydroxyl estrogens
such as 16α-hydroxyestradiol (E3) retain very strong hormonal potency by
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binding extensively and irreversibly to the ER104 and were suggested to
increase the risk of developing breast cancer.105;106
Therefore, despite the oxidative and conjugative metabolism, estrogen
derivatives carry out several biological activities beyond the estrogenic
effects of estradiol.
1.1.5.4. The

impact

of

estrogen

metabolism

in

breast

cancer

carcinogenesis
Although estradiol and estrone are extensively hydroxylated in the liver, the
concentration of unconjugated metabolites in the systemic circulation is low,
which is due to rapid conjugative metabolism followed by urinary
excretion.107;108
If conjugation reactions are insufficient, both 2- and 4-catechol estrogens
can undergo catalytic oxidation by the enzyme peroxidase, with generation
of 2,3- and 3,4-semiquinones and the corresponding quinones (Figure
1.6).109

Redox

cycling,

via

reduction

of

estrogen

quinones

into

semiquinones, catalyzed by cytochrome P450 reductase and subsequent
oxidation back to estrogen quinones, produces the superoxide radical (O2-.)
which promptly dismutates in the presence of superoxide dismutase (SOD)
and forms hydrogen peroxide (H2O2). This compound is extremely
dangerous to the cell and, if not transformed into other less reactive
substances, it can be easily converted into the hydroxyl radical (HO.), via
the Fenton reaction (reaction with Fe2+). The hydroxyl radical is one of the
most problematic free radicals, able to damage biological macromolecules
such as DNA, proteins and lipids.
Furthermore,

estrogen

quinones

are

very

reactive

electrophilic

intermediates and may bind to DNA. Apurinic sites are formed through
binding to adenine and guanine purines, followed by release of the
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depurinating adducts such as 4-OHE2-1-N3Ade and 4-OHE2-1-N7Gua
(Figure 1.6).109;110 This mechanism has been pointed out to explain the
carcinogenic activity of estrogens. Error-prone base excision repair of the
damage may lead to mutations that initiate breast and other types of cancer.
Interestingly, in vivo studies have demonstrated that 2-OHE2 does not
induce tumors, in contrast to 4-OHE2 which is a potent carcinogen.111 Since
2-OHE2 and 4-OHE2 have similar redox potentials and can both undergo
metabolic redox cycling in vitro, with generation of reactive species,112 it is
difficult to explain their different carcinogenic activities. One of the reasons
might be related to the stronger reactivity of estrogen 3,4-quinones than
estrogen 2,3-quinones with DNA to form depurinating adducts.113

Figure 1.6. Metabolic redox cycling and generation of depurinating adducts
by 4-OHE2. 2-OHE2, 4-OHE1 and 2-OHE1 catechol estrogens follow similar
paths (structures not shown). This figure was adapted from literature.110

On the other hand, methoxy estrogens are unable to undergo redox cycling
and

therefore

do

not

form

depurinating

adducts.112

Furthermore,
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2-methoxyestradiol has antiproliferative properties95 and this may account
for the lower carcinogenicity observed in vivo for 2-hydroxyderivatives.
The reactivity of quinones with DNA can be prevented by conjugation with
glutathione, catalyzed by glutathione S-transferase, or by reduction to the
original catechols by quinone reductase.77;114

1.2. Cytochrome P450 enzymes
1.2.1. Function, classification and nomenclature
The cytochrome P450 (CYP) is a large family of heme-containing enzymes
found in all forms of life, including eukaryotic organisms like animals, plants
and fungi, and also some prokaryotes. There are more than 7000 different
sequences identified to date, divided into more than 866 different P450
families, and this number continues to increase.115 All members share a
common FeIII protoporphyrin-IX center, covalently linked to the apoprotein
by the sulfur atom of a cysteine residue (Figure 1.7). The octahedral heme
iron is coordinated to four pyrrole nitrogen atoms and two additional nonporphyrin ligands in axial positions, namely, the thiolate ligand and either a
water molecule or a hydroxyl group from an adjacent amino acid. Contrarily
to the strong Fe-S bond, the sixth ligand binds with poor affinity, and might
be displaced upon substrate binding. The protein chain of each individual
P450 varies both in terms of molecular weight (45 - 60 kDa) and amino acid
sequence. This accounts for the differences in substrate specificity and
mechanism of reaction.
High levels of CYPs are expressed in the liver. However, several
extrahepatic tissues such as the small intestine, lungs, brain and skin, have
also significant activities.116
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Figure 1.7. 2D (A) and 3D (B) representation of a heme prosthetic group
linked to a cysteine residue. This figure was created using the program
VMD.117

Molecular oxygen itself reacts very slowly with organic molecules at low
temperature due to spin-forbiddance and high energy barriers.118 Therefore,
living systems use enzymes such as P450s to convert dioxygen into more
reactive species. Since only one of the oxygens from molecular oxygen is
inserted into the substrate, these enzymes are called monooxygenases.
The second oxygen is reduced into a water molecule, using two electrons
provided by NADH or NADPH:
RH + O2 + 2e− + 2H+ → ROH + H2O
Therefore, P450 enzymes have a key role in oxidative transformations of
endogenous

(fatty

acids,

steroids,

prostaglandins)

compounds (drugs and environmental chemicals).

119

and

exogenous

A large number of

reactions such as hydroxylation, epoxidation, aromatic oxidation, N- and Soxidation, N- and O-dealkylation, and aromatization reactions are performed
by P450 enzymes.120
Cytochrome P450 enzymes are complex multienzymatic systems composed
by a P450 domain associated to an auxiliary, electron-transfer reductase
system. Depending on the reductase domain, two different classes of
enzymes exist. Class I P450s, found in mammalian mitochondrial
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membranes and most of bacteria cytoplasms, are three component
systems,

comprising

a

flavin-adenine

dinucleotide

(FAD)-containing

reductase, a small iron-sulfur protein (ferredoxin, Fe2S2) and the P450
domain. In these systems, the electrons are derived from NADH or NADPH
and are transferred from the reductase to the P450 domain via ferredoxin.
Class II enzymes are mammalian P450s located in the endoplasmic
reticulum, with only two components, both membrane bound, a FAD- and
flavin mononucleotide (FMN)-containing NADPH-dependent reductase, and
the P450 domain (Figure 1.8).121 Class II enzymes are anchored to the
membrane bilayer by the N-terminal segment of the P450 domain, with the
C-terminus exposed to the cytosolic compartment, from which the catalytic
center is accessible. Another anchoring point to the membrane bilayer is
located at the NADPH-dependent cytochrome P450 reductase which has an
intramembrane segment with high hydrophobicity and two flanking
hydrophilic regions located in the cytoplasm, containing the FAD and the
FMN coenzymes.122-124

Figure 1.8. Schematic representation of class I and class II cytochrome
P450 multienzymatic systems.

It is believed that the whole cytochrome P450 superfamily diverged from a
single ancestral gene.125 Therefore, individual proteins are classified in
families and subfamilies based on criteria of homology. P450 sequences
which share more than 40% of amino acid sequence identity are placed
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within the same family, whereas those with more than 55% sequence
identity are placed within the same subfamily.126
The nomenclature of cytochrome P450 enzymes was originally organized
according to their physiological function. For example, P450SCC is the
enzyme that catalyzes the oxidative cleavage of the side chain of
cholesterol to pregnelolone. With the increasing number of P450 identified,
a standardized system of nomenclature was adopted to assign individual
enzymes into families and subfamilies. According to the new nomenclature
rules, the root for all cytochrome P450 names is CYP, followed by a number
indicating the family and a letter indicating the subfamily. Individual
members within subfamilies are numbered consecutively as they are
reported to the nomenclature committee. On the basis of this nomenclature,
the first P450 named was CYP1A1. A more detailed description of the
nomenclature system adopted for CYPs can be found elsewhere.115;126

1.2.2. Three-dimensional structure
The first 3D structure of a cytochrome P450 enzyme, the bacterial P450cam,
was reported in 1985 by Poulos and co-workers.127 Other bacterial P450s
such as P450BM-3,128 P450terp129 and P450eryF130 appeared in the literature in
the following years.
Contrarily to the prokaryotic P450s which are found soluble in the
cytoplasm, mammalian enzymes are bound to the endoplasmic reticulum
membrane, which makes them more difficult to crystallize. One of the main
achievements in this field was the structure determination of the first class II
enzyme, the CYP2C5 from rabbit,131 published in 2000, followed by other
mammalian, e.g. CYP2B4,132 and human P450s, including CYPs 1A2,133
2A6,134 2A13,135 2C8,136 2C9,137 2D6,138 and 3A4.139 Crystallization and
structure determination of mammalian P450s was possible with the
truncation of the membrane-bound N-terminal domain, which forms a trans-
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membrane helix, and in some cases, with small mutations preventing
protein self-aggregation without interfering with the catalytic activity and
substrate specificity.
Although sequence identity between members of different P450 families is
low (typically within 10-30%), all 3D structures solved to date share common
structural elements and an overall characteristic topology.140;141 P450
enzymes have 12 helices and loops labeled from A to L. The B-C and F-G
helices are involved in substrate access and specificity, and the heme group
is located between helices I and L. In addition, a few β-sheets are present in
the P450 structures.120 Furthermore, the heme-binding core is highly
conserved, both in terms of root mean square deviation (RMSD) and
sequence identity.

1.2.3. Catalytic cycle
Besides topological information, 3D elucidation of cytochrome P450
enzymes provided a better understanding of the catalytic cycle of these
monooxygenases. The FeIII center of the substrate-free enzyme equilibrates
between two spin conditions, the low-spin state, S=1/2, in which the five 3d
electrons are maximally paired, and the high-spin state, S=5/2, in which the
five 3d electrons are maximally unpaired. The low-spin state (A, Figure 1.9)
is favored in the absence of a substrate when the sixth position of the
octahedron is occupied by a water molecule or a hydroxyl group from an
active site residue. In the presence of a substrate, the axial sixth ligand is
displaced from the active site of the enzyme and the spin equilibrium of the
FeIII center is shifted toward the high-spin state (B, Figure 1.9). Therefore,
substrate binding is entropy-driven, due to the release of water molecules
from the hydrophobic binding pocket of the P450 enzyme. In its high-spin
state, the heme iron has larger ionic radius than in the low-spin state, being
displaced from the plane of the heme central cavity. This modification
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induces a change in the redox potential of the iron, from −360 mV to
−175 mV, which facilitates the first reduction of the ferric center. The first
electron is transferred from the NADPH (redox potential −320 mV ) by the
reductase domain (redox potential −270 mV), initiating the catalytic cycle of
the cytochrome.142

Figure 1.9. Catalytic cycle of cytochrome P450 enzymes. This figure was
adapted from literature.120

The high spin ferrous iron(II) (C, Figure 1.9) has high affinity for diatomic
gases and reacts with triplet dioxygen to produce a low spin hexacoordinate
iron(III)-dioxygen adduct (D, Figure 1.9) using one electron from the iron(II)
center and another from the oxygen pair.
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The second reduction uses one reducing equivalent from NADPH or NADH,
depending on the CYP involved, and is the rate-limiting step of the catalytic
cycle. A negatively charged iron(III)-peroxo complex is formed (E, Figure
1.9) which is probably quickly protonated to generate an iron(III)hydroperoxo complex (structure not shown).
Monooxygenase reactions involve transfer of an activated oxygen atom to
the substrate, splitting the reduced oxygen. Irreversible heterolytic cleavage
of the peroxide dioxygen occurs with the two electrons remaining with the
distal oxygen which, in turn, protonates to yield a water molecule. The
remaining oxygen linked to the CYP complex is an iron(V)-oxene, a neutral
electrophilic atom with 6 electrons in its outer layer (F, Figure 1.9). In the
final step, the oxene is transferred to the substrate compound, regenerating
the native hexacoordinate state of the cytochrome P450.120;125;143

1.2.4. Aromatization mechanism of CYP19
Aromatase,

a

cytochrome

P450-dependent

enzyme,

catalyzes

the

aromatization reaction of the A-ring of androgens into estrogens.
Androstenedione is the preferred substrate.144 The reaction involves three
consecutive oxidative steps on the same substrate before releasing the
product of catalysis outside the active site, i.e. two hydroxylations at the
19-methyl group and a final oxidative decarbonylation of the 19-aldehyde
intermediate. Each reaction consumes a single mole of molecular oxygen
and NADPH (Figure 1.10).
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Figure 1.10. Aromatization mechanism of androstenedione into estrone by
the human aromatase enzyme. This figure was adapted from literature.145

Hydroxylations at the 19-methyl proceed via the oxygen rebound
mechanism. Homolytic cleavage of a carbon-hydrogen bond mediated by
the iron(V)-oxene (F, Figure 1.9) removes a hydrogen radical from the 19methyl and leaves a free radical centered at C19. Collapse of the iron(IV)hydroxyl produces the monohydroxylated androgen and returns the enzyme
to its ferric state, ready to enter a second catalytic cycle (Figure 1.11).120
The second hydroxylation involves stereospecific removal of the 19-pro-R
hydrogen yielding a 19-gem-diol androgen which may dehydrate to the
19-aldehyde.

Figure 1.11. Oxygen rebound mechanism involved in two initial
hydroxylations catalyzed by aromatase. Modified from literature.143
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2,3-Enolization was suggested to take place before, or simultaneously, the
third oxidative step.146 Aromatase homology structure prediction and
substrate docking experiments, pointed a selective acid-base mechanism of
catalysis for this step. Due to its proximity to the substrate, Asp 309 may be
involved

in

the

stereospecific

abstraction

of

the

androstenedione

2β-hydrogen, whereas Lys 473 or His 475 are possible candidates for
proton donation to the 3-ketone.147
The final step of the aromatase catalytic cycle is the oxidative cleavage of
the C10-C19 bond with aromatization of the ring A and release of the
19-methyl as formic acid. Although the mechanism of this third step remains
to be completely elucidated, the hypothesis of a nucleophilic attack of the
iron(III)-peroxide (E, Figure 1.9) to the 19-aldehyde is well accepted in the
literature.148;149 It was suggested that the resulting peroxo hemiacetal
fragmentizes with removal of the 1β-hydrogen by the proximal oxygen,
resulting in aromatization of the ring A and release of formic acid (Figure
1.12).

Figure 1.12. Proposed mechanism for the third oxidative step of the
aromatase enzyme. This figure was adapted from literature.145

Recently, a new mechanism for the third oxidative step of the aromatization
reaction was proposed based on quantum chemistry calculations. According
to this new hypothesis, the iron(V)-oxene (F, Figure 1.9) removes the
1β-hydrogen

atom,

initiating

the

aromatization

and

deformylation

cascade.145
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1.2.5. Spectral properties
Cytochrome P450 enzymes have unique absorbance spectra due to the
heme group, a strong chromophore bound to an axial sulfur of a cysteine
residue. Carbon monoxide binding to the reduced enzyme produces an
absorption peak at approximately 450 nm (Soret peak), which originated the
term P450.150;151 This peak might be shifted by the chemical environment
around the heme, the oxidation number of the iron, the spin state and the
binding of ligands.
The maximum absorption peak for the low-spin, hexacoordinated state, is
found at 416-419 nm, whereas that for the high-spin, pentacoordinated
state, is 390-416 nm. Therefore, substrate binding to microsomal
cytochrome P450s, including aromatase, can be monitored by assessing
the difference spectrum of the enzyme in its free- and substrate-bound
states. Binding of a ligand to the active site displaces the axial water
molecule and shifts the iron from a low- to a high-spin state. This induces a
type I difference spectrum characterized by a shift in the Soret band
maximum from about 30 nm (displacement from 420 nm to 390 nm). In
contrast, binding of substrates with electronegative atoms such as nitrogen,
sulphur and oxygen included in aromatic heterocyclic rings, induces a type II
difference spectrum with a maximum of absorbance at 425-435 nm and a
depression at 390-405 nm, indicative of water displacement from the sixth
position followed by a stronger substrate coordination to the heme iron.125;149

1.3. Aromatase inhibitors
1.3.1. Clinical development
Aromatase is a very attractive target for the endocrine treatment of
estrogen-dependent diseases. In this sense, attention has been focused on
the discovery of aromatase inhibitors, able to decrease the circulating levels
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of estrogens and control the progression of hormone sensitive breast cancer
in postmenopausal women.
Aromatase

inhibitors

were

developed

after

the

recognition

that

aminoglutethimide, a nonselective inhibitor of critical enzymes in the
steroidogenesis, including aromatase, was an effective drug to control
hormone sensitive breast cancer.152;153 Marketed in the late seventies,
aminoglutethimide (Cytadren®, Novartis) was the first aromatase inhibitor
introduced in the clinic. However, reports of adrenocortical insufficiency and
several other side effects such as nausea and rashes, led to its withdrawn
from the market.
The design of inhibitors for a single member of the cytochrome P450
superfamily represented a very challenging task. In spite of this hurdle,
compounds targeting aromatase more specifically were developed, with
higher affinity for the target enzyme and fewer side effects than
aminoglutethimide.6;14;15 These inhibitors can be divided into generations
according to their chronological order of clinical development, i.e. second
and third generation aromatase inhibitors as shown in Figure 1.13.
Second generation aromatase inhibitors were developed during the eighties,
including

formestane

(Lentaron®,

Novartis)

and

fadrozole

(Afema®,

Novartis), both with improved clinical efficacy. However, formestane had the
disadvantage of being rapidly inactivated by hepatic glucuronidation,
therefore

requiring

intramuscular

injection,

and

fadrozole

caused

aldosterone suppression, which limited its use at high doses.154-156
Third generation compounds were developed in the early nineties, including
anastrozole (Arimidex®, AstraZeneca), letrozole (Femara®, Novartis),
vorozole (Rivizor®, Johnson & Johnson) and exemestane (Aromasin®,
Pfizer). Preclinical studies showed more than three orders of magnitude
increased potency compared to aminoglutethimide and almost complete
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specificity at clinical doses,157 with little effect on the cortisol and
aldosterone levels.158;159 Furthermore, these new compounds are orally
active and have extensive half-lives allowing a daily single-dose regimen.

Figure 1.13. Classification of the main aromatase inhibitors.

Aromatase inhibitors can be further classified as type 1 or type 2
compounds, according to their mechanism of action (Figure 1.13). Type 1
inhibitors, such as formestane and exemestane, are androstenedione
analogs which bind to the active site of the enzyme as competitive
inhibitors. Conversion into reactive intermediates upon catalysis causes
mechanism-based inactivation of the enzyme, i.e. time- and concentrationdependent loss of enzymatic activity. Type 2 inhibitors such as fadrozole,
anastrozole, letrozole and vorozole, are non-steroid compounds and bind
strong but reversibly to the heme group of the enzyme. Spectroscopic
studies identified a type II difference spectrum upon inhibitor binding,
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revealing coordination between a nitrogen-containing aromatic heterocycle
and the heme iron.149

1.3.2. Steroid aromatase inhibitors
1.3.2.1. Competitive inhibitors
The initial development of aromatase inhibitors was focused on the basic
androstenedione scaffold substituted at several positions. Most of these
molecules are competitive inhibitors that bind to the same active site cavity
as the natural substrates, decreasing the amount of estrogens formed. Initial
structure-activity

relationships

on

competitive

aromatase

inhibitors

highlighted the importance of planarity at the A/B ring junction, carbonyls at
positions C3 and C17, and unsaturation in the steroid nucleus, namely with
4-ene, 1,4-diene, 4,6-diene and 1,4,6-triene functions.160
Later on, Numazawa reported that 3-deoxyandrostenedione is a potent
aromatase inhibitor.161 Therefore, the C3 carbonyl does not play a critical
role in the binding, suggesting that 3-deoxy steroids might have an
alternative binding mode.162-164
The steroid ring A accepts only slight structural modifications, like the
incorporation of small hydrophobic groups at C1 or small hydrophilic groups
at C4, such as in 1-methyl-androsta-1,4-diene-3,17-dione (atamestane,
Figure 1.14) and 4-hydroxy-androst-4-ene-3,17-dione (formestane, Figure
1.13), both compounds with in vitro and in vivo efficacy.165;166 On the other
hand, bulky substituents at ring B positions C6 and C7 provided potent
aromatase

inhibitors

such

as

6β-ethyl-androsta-1,4-diene-3,17-dione

(6β-ethyl-ADD, Figure 1.14) and 7α-(4’-amino)phenylthio-andost-4-ene3,17-dione (7α-APTA, Figure 1.14), supporting the presence of hydrophobic
pockets at the aromatase active site, a small one at the β-face of the C6
region and a larger one at the α-face of the C6-C7 region.167-173 As these
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pockets have limited accessible volume, the length and shape of the
substitution is of critical importance to the anti-aromatase activity.

Figure 1.14. Examples of steroid aromatase inhibitors.

The C19 methyl group of androstenedione is another position that has
received particular attention to the design of potent aromatase inhibitors.
Being the oxidation site, the introduction of oxygen, sulphur or nitrogen
heteroatoms at this position leads to strong noncovalent binding to the
heme iron of aromatase, as corroborated by spectroscopic studies. Some of
the most potent AIs developed based on this approach include
androstenedione analogs with thiirane (10β-thiiranyl-estr-4-ene-3,17-dione,
Figure 1.14), oxirane, thiol and amino functionalities at C19.174-177
An alternative strategy to the design of aromatase inhibitors relied on
mimicking the final products of the aromatization reaction. Shimizu et al.
showed that natural estrogens are able to bind to the active site of human
placental aromatase as competitive inhibitors.144 This finding led to the
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discovery of a new class of aromatase inhibitors based on the estradiol and
estrone scaffolds, with potent aromatase inhibitors such as 2-chloroestrone
(Figure 1.14).178
1.3.2.2. Mechanism-based inactivators
Besides mimicking the substrate, some steroid inhibitors are converted into
reactive intermediates by the enzyme, able to cause time-dependent
inactivation (mechanism-based inhibitors). The activation step is triggered
during a normal catalytic process and depends on the presence of the
coenzyme, NADPH. Typically, a reactive electrophilic intermediate is formed
and immediately reacts with a nucleophilic residue within the active site.160
Although mechanism-based inactivation is relatively unusual in enzymatic
reactions, it is frequently observed in cytochrome P450 enzymes, due to the
reactivity of the oxygenated species generated.179 Mechanism-based
inactivators have superior selectivity compared to reversible inhibitors
because both the initial compound and the final activated species must bind
to the active site. Furthermore, an additional nucleophilic residue must be
properly located in order to react with the activated compound. Once bound,
the compound remains permanently linked to the enzyme and no longer
available to interact with non-target proteins. These properties were
explored to the design of compounds with potential clinical advantages,
namely improved potency and selectivity.180
The first compound designed as mechanism-based aromatase inhibitor,
with both in vivo and in vitro activities, was 10β-(2-propynyl)-estr-4-ene3,17-dione (MDL18962, Figure 1.14).181;182 Furthermore, many steroids
initially prepared as competitive inhibitors, such as formestane, were found
to cause mechanism-based inactivation.166;183 Biochemical studies with
radiolabeled inhibitors, confirmed covalent and irreversible binding to the
enzyme. However, the exact nature of the covalent bonds, the active site
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residues involved and the chemical structures of the activated compounds
remain to be elucidated.184 Strong electrophilic species, such as epoxide,
oxirene and Michael acceptor groups have been suggested as reactive
intermediates.182;185;186
Similar properties were demonstrated for androstenedione derivatives with
additional conjugated double bonds, such as androst-4-ene-3,6,17-trione187
(Figure 1.14) or compounds with additional unsaturations at the A and B
rings, either 1,4-diene or 1,4,6-triene functions. The most relevant
compound

among

these

is

6-methylen-androsta-1,4-diene-3,17-dione

(exemestane, Figure 1.13),188;189 a third generation aromatase inhibitor.
Other compounds, such as testolactone,190;191 androsta-1,4,6-triene-3,17dione187 and 7-substituted derivatives,192;193 are also able to inactivate the
enzyme (Figure 1.14). The double bond between C1 and C2 is crucial for
the mechanism-based activation of these compounds, which was
hypothesized to evolve the last oxidation step of the aromatase catalytic
cycle.194

1.3.3. Non-steroid aromatase inhibitors
The non-steroid class of aromatase inhibitors comprises structurally
different compounds that are able to bind the aromatase active site through
coordination with the heme iron.195 The main advantage over steroid
inhibitors is the lack of androgenic effects and the complete absence of
substrate activity on the aromatase enzyme. However, because of the
CYP19 similarity with other essential cytochrome P450 enzymes involved in
the biosynthesis of glucocorticoids and mineralocorticoids, such as
cytochrome P450SCC (CYP11A1), 17α-hydroxylase/C17,20-lyase (CYP17)
and steroid 18-hydroxylase (CYP11B2), lack of selectivity over distinct P450
enzymes results in significant toxicity.196-198 Third generation aromatase
inhibitors (Figure 1.13) are several orders of magnitude more active than
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aminoglutethimide, creating almost complete deprivation of estrogens at low
doses, with almost no effect on the biosynthesis of other steroids such as
aldosterone, progesterone and corticosterone.
The strongest interaction of type 2, non-steroid inhibitors, with aromatase is
a coordinative bond between the lone pair of an aromatic heterocyclic
nitrogen atom and the heme iron of the enzyme.199 Although imidazole or
triazole rings have been widely used, other electron rich heterocycles might
be accepted as the sixth coordinating moiety, including six-membered rings
such as pyridines (tetralin, indolizinone and benzofuran derivatives
represented in Figure 1.15) and pyrimidines (aniline derivative, Figure
1.15). Extremely important is the way in which the heterocycle is attached to
the rest of the molecular framework. Direct attachment to the coordinating
nitrogen or at an adjacent position, leads to loss of the anti-aromatase
activity, unless one additional nitrogen is present. Furthermore, reduction of
the coordinating nitrogen leads to inactive compounds, possibly because it
is a sp2 rather than a sp3 hybridized nitrogen orbital which most effectively
interacts with the heme iron. Compounds with more than one nitrogencontaining heterocycle were also found to be strong aromatase inhibitors.200
Another important feature is the hydrophobic nature of the molecular
scaffolds of non-steroid aromatase inhibitors, measured by a positive value
of octanol/water partition coefficient (logP), which is required due to the
predominant presence of amino acids with apolar side chains in the
aromatase active site.201 Potent non-steroid aromatase inhibitors were
developed by optimization of leads with structurally different scaffolds,
including

fluorenes,202

indoles,207-211

quinolines,203

benzofurans,212-214

tetralins,204

biphenyls,215

indolizinones,205;206

biphenyl-alkyls,216

N-

benzylanilines217;218 and xanthones219 (Figure 1.15).
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Figure 1.15. Examples of non-steroid aromatase inhibitors. The structural
scaffold of each compound class is colored in red.

Whereas higher potency among non-steroid aromatase inhibitors has been
achieved through strong coordinative and hydrophobic interactions,
selectivity between different cytochrome P450s has explored the presence
of at least one hydrogen bonding residue within the aromatase active site.
Site-directed mutagenesis experiments showed that Ser 478 is located
within the binding pocket of the enzyme, playing an active role in the
catalysis mechanism and binding of aromatase inihibitors.220 This finding
was further corroborated by homology modelling and docking experiments,
highlighting the importance of a hydrogen bond acceptor group for selective
aromatase inhibition.140;215 Additional evidence came from a molecular
modelling study comparing the three-dimensional structures of steroid and
non-steroid anti-aromatase compounds.199 Based on the results of this
study, the steroid site of hydroxylation, the 19-methyl, overlaps with the
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heterocyclic moiety of non-steroid aromatase inhibitors and the hydrophobic
moieties of both compound classes overlap well. Furthermore, a hydrogen
bond acceptor group found in several non-steroid inhibitors mimics the
C17-carbonyl function at the androstenedione D ring. This agrees with
structure-activity studies with 3-deoxy steroids, showing that the presence of
a carbonyl at C3 is not essential for the anti-aromatase activity.162-164

1.3.4. Polyphenol aromatase inhibitors
1.3.4.1. Natural compounds
Polyphenols are a large group of plant natural products characterized by the
presence of at least one phenol unit. These compounds are plant secondary
metabolites, occurring either isolated or as oligomers. Conjugation with
sugars, carboxylic acids, amines, lipids and other compounds is also very
common.221
Flavonoids, the most abundant and well studied polyphenols in nature, are
found in many food sources including fruits, vegetables and grains. The
large number of compounds identified to date arises mostly from multiple
combinations of hydroxyl and methoxyl substitutions. These molecules
share a common phenylchromane heterocycle and are classified based on
modifications

of

this

scaffold.

Flavans

have

an

unchanged

2-phenylchromane skeleton whereas in flavanols one additional hydroxyl at
C3 is present. An oxo group linked to C4 is found in flavanones (phenyl
linked at C2) and isoflavanones (phenyl linked at C3). Flavones, flavonols
and isoflavones have a double bond between C2 and C3 of the ring C. In
anthocyanidines, an additional double bond is found in ring C, instead of the
oxo group. Finally, chalcones are bicyclic compounds with an open B
ring.222
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Other classes of phenolic compounds include coumarins, found in fruits and
green tea, and stilbenes, like resveratrol, one of the main components of red
wine. Oleuropein, the major polyphenolic constituent of olive oil, is another
structurally different phenolic compound.223 These compounds have
demonstrated

a

host

of

biological

activities,

displaying

excellent

antioxidant,224;225 antitumor,226;227 antiviral,228 antimicrobial229 and antiatherogenic230;231 properties.
The interest of studying polyphenols in breast cancer was stimulated by the
hypothesis that these compounds are responsible for the lower incidence of
the disease in women from several Asian countries where consumption of
polyphenol rich products if very high.232;233 Due to their structural similarity to
endogenous estrogens, compounds of this class, including isoflavones,
flavones, lignans and coumestans, are able to bind to both ERα and ERβ.72
However, it was found that some compounds, such as 5,7,4’-trihydroxyisoflavone (genistein), 5,7,4’-trihydroxyflavone (apigenin) and 3,5,7,4’-tetrahydroxyflavone (kaempferol), have higher binding affinity for ERβ than for
ERα.234 The molecular basis for ERβ selectivity by phytoestrogens involves
their capacity to induce changes at the surface of the receptor, improving
the affinity for coactivators.235 Therefore, these compounds can act as
natural

selective

estrogen

modulators

by

triggering

ERβ-mediated

transcription pathways which have been found to mediate antiproliferative
effects in breast.50 This might explain the beneficial cancer protective effects
of some compounds of this class in breast.236
Furthermore, polyphenols have been recognized as aromatase inhibitors
with moderate to strong potency.237 Compounds with significative antiaromatase activity include flavans,238 flavones,239-243 flavanones,244-246
isoflavones,241;247 isoflavanones,239 flavonols,248;249 chalcones,250 flavanols
(catechins and theaflavins),251-253 coumestans,241;254 and lignans238;254;255
(Figure 1.16).
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Figure 1.16. Examples of natural polyphenol aromatase inhibitors.

Kinetic analysis identified a competitive mechanism of aromatase inhibition
for this type of compounds. This was further corroborated by spectroscopic
studies.237;238 Furthermore, based on data from site-directed mutagenesis
experiments and docking, a binding mode for flavones was proposed, in
which the A, B and C rings of flavonoids mimic the D, A and C rings of
steroids, respectively.256
1.3.4.2. Synthetic derivatives
The use of natural compounds as starting leads represents an attractive
strategy for the discovery of new anti-hormonal drugs for the treatment of
breast cancer, based on the aromatase inhibition mechanism. The small
and rigid phenylchromane flavonoid nucleus is a good template for
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combinatorial libraries due to the multiples sites for chemical substitution.
Several examples of synthetic flavonoid derivatives have already been
documented. α-Naphthoflavone and derivatives are potent aromatase
inhibitors, with in vitro activity at least two orders of magnitude stronger than
flavone

(Figure

1.17).237;257

Derivatization

of

flavones258

and

isoflavones259;260 with imidazole, triazole and pyridinyl moieties, markedly
increased the anti-aromatase potency of the starting leads due to strong
coordination

between

the

nitrogen-containing

heterocycle

and

the

aromatase heme iron, confirmed by a type II difference spectrum (Figure
1.17). Furthermore, new aromatase inhibitors were developed based on
pyridinyl-substituted flavanones261 and imidazolyl- or triazolyl-substituted
flavans (Figure 1.17).262-264 Most of these compounds are active at low
nanomolar concentrations.

Figure 1.17. Examples of polyphenol synthetic derivatives with improved
anti-aromatase potency.

In another study, coumarin derivatives were selected on the basis of
geometric similarities to the substrate of the enzyme, and tested for their
ability to block estrogen biosynthesis. Improved anti-aromatase potency
compared to more simple coumarins was achieved with the introduction of
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hydrophobic moieties at positions 3 and 4. The authors rationalized that the
coumarin ring mimics the A and B rings of androstenedione, whereas a
3-(4’-chlorophenyl) group mimics the D ring of the androgen and a 4-benzyl
aligns very closely with the C19-methyl (Figure 1.17).265

1.3.5. Dual inhibitors
Breast cancer is a complex disease with multiple interdependent molecular
abnormalities. Therefore, simultaneous modulation of several relevant
targets can provide superior therapeutic efficacy compared to the more
conventional single-target therapy. The biological complexity can be
addressed with the use of drug combinations or, alternatively, with
multifunctional drugs, i.e. single compounds able to interfere with multiple
pathways. Although currently available drugs are inherently multiple acting,
the design of multi-target selective drugs is a recent trend in medicinal
chemistry.266
1.3.5.1. Thromboxane A2 synthase and aromatase
Thromboxane A2 synthase (TxA2S) is a P450 enzyme involved in the
arachidonic acid pathway, responsible for the conversion of prostaglandin
H2 into thromboxane A2, a potent vasoconstrictor and inducer of platelet
aggregation.267 Significative TxA2S overexpression was found in several
types of tumors, including those of bladder, colorectal, prostate and breast.
Recent studies confirmed that thromboxane A2 has a critical role in
promoting tumor angiogenesis and metastasis, correlating negatively with
the patient survival.268-270 Therefore, TxA2S is a promising target for the
prophylaxis of tumor metastases. Indeed, selective TxA2S inhibitors are able
to suppress growth and reduce migration of tumor cells271 and combined
with chemotherapeutic agents, were found to increase the treatment
response.272
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Breast cancer treatment and prevention of metastases with the use of dual
aromatase and thromboxane A2 synthase inhibitors may have clinical
advantages over the currently available, single target, anti-aromatase
therapies. The design of dual inhibitors explored a common heme iron and
some degree of homology between the active site of both enzymes.
Imidazol-substituted quinolines like the compound depicted in Figure 1.15
are among the most potent and selective dual inhibitors identified to date.203
1.3.5.2. Steroid sulfatase and aromatase
Hydrolysis of estrone sulfate into estrone by steroid sulfatase is the main
source of active estrogens in hormone-dependent breast tumors.273 This
suggests that inhibition of STS results in reduction of the estrogen levels,
thus controlling the progression of the disease.
Structurally diverse STS inhibitors were developed during the past decade,
ranging from steroid compounds, such as estrone-3-sulfamate, to nonsteroids, such as tricyclic coumarin sulfamates.274-276 Potent irreversible
inhibitors of the enzyme share a common phenol sulfamate ester which is
believed to be transferred to an essential amino acid residue within the
active site of steroid sulfatase. Additional hydrophobic interactions stabilize
the enzyme-inhibitor complex. Clinical trials confirmed that steroid sulfatase
inhibitors represent a promising new endocrine therapy for the treatment of
postmenopausal women with hormone-dependent breast cancer.277;278
Simultaneous inhibition of both aromatase and steroid sulfatase is expected
to provide a more effective estrogen deprivation than through a single target
inhibition. While the administration of two separate inhibitors is an obvious
choice for providing a combined endocrine therapy, an alternative approach
is to design a dual aromatase and sulfatase inhibitor (DASI) that will block
both enzymes as a single agent. One of the strategies for designing DASIs
relied on the incorporation of a phenol sulfamate moiety into the scaffold of
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potent and selective non-steroid AIs such as letrozole, anastrozole and
YM511, a strong aromatase inhibitor which progressed into phase II clinical
trials.217 These compounds display potent STS inhibition whilst preserving
the high level of anti-aromatase activity (Figure 1.18).279-282

Figure 1.18. Examples of dual aromatase-steroid sulfatase inhibitors.

An alternative approach to design DASIs relied on 3-sulfamoylated
derivatives of known aromatase inhibitors with the estrogenic steroid
scaffold.178 Although some of these new compounds are very strong STS
inhibitors, the anti-aromatase potency identified was low.283

1.4. Biochemical

evaluation

of

new

compounds

as

aromatase inhibitors
Optimization of new lead molecules in terms of target potency and
selectivity is an iterative process of design and synthesis of structurally
related compounds, followed by biochemical evaluation. In vitro assays are
used at this early stage of the drug-discovery pipeline, with the main goal of
developing structure-activity relationships and understanding the structural
determinants for strong affinity target binding. Subsequent steps aiming for
an

optimization

of

membrane

permeability,

oral

bioavailability,

pharmacokinetics and toxicological properties, are inherently more complex,
requiring cellular and in vivo activity measurements.284

_____________________________________________________________
44

I. General introduction

In this context, the development of methods to measure the aromatase
activity has been critical to the discovery and optimization of new aromatase
inhibitors.

1.4.1. The human placental microsomal assay
The human placental microsomal assay is a highly sensitive radiometric
technique to perform fast screening of new anti-aromatase candidates.
During pregnancy, human placenta expresses high levels of active
aromatase, being therefore an excellent source of inexpensive enzyme.32
The basis of this method is that aromatization of [1β-3H]-androstenedione
into

estrone

involves

stereospecific

removal

of

the

1β-hydrogen

(Figure 1.19).120 Therefore, aromatase activity is evaluated, after incubation
for a designed time, by measuring in the aqueous phase the amount of
tritium released from the substrate and incorporated into a water molecule,
after rigorous extractions with organic solvents and/or dextran-coated
charcoal. Analysis of the amount of tritiated water produced is performed by
liquid scintillation counting (LSC).285 This method is one of the most used to
measure the aromatase activity, in vitro, because of its reliability,
reproducibility and straightforward use.

Figure 1.19. Basis of the radiometric assay used to measure the
aromatase activity.

The human placental microsomal fraction is composed of smooth
endoplasmic reticulum membranes which, besides aromatase, have other
steroid

metabolizing

enzymes

such

as

17β-hydroxysteroid

dehydrogenase.286 One limitation of this source of biological material arises
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from possible interaction of the tested compounds with these enzymes,
which may cause indirect changes in the activity measured. Variation in the
aromatase levels per microsomal protein content, among placental tissues
from different sources, is another variable to be controlled. Furthermore, the
human placental microsomal assay is unable to detect if the compounds
induce or suppress expression of the aromatase enzyme within the cell.

1.4.2. Comparison with other in vitro assays and other sources
of aromatase
The radiometric assay previously described can also be used with other
sources of aromatase including ovarian microsomes and isolated cells from
human breast and ovaries.287;288 Other common sources of aromatase
include human JEG-3 and JAR choriocarcinoma cell lines isolated from
cytotrophoblasts from malignant placental tissues.289 Cell culture assays are
sensitive to the effects on aromatase expression and provide additional
information about membrane permeation.290 However, cytotoxicity from the
test compounds, as well as possible compound metabolism and other
transformations that may occur within intact cells, may limit the use of these
methods.
Another widely used assay is the product isolation technique, which consists
in the incubation of a

3

H or

14

C radiolabeled substrate such as

androstenedione or testosterone, followed by isolation and measurement of
the radiolabeled estrogen product formed.35;291 The procedure for this
method is similar to the radiometric assay but involves separation of the
radiolabeled product from the substrate, using a chromatography technique.
Variations of this assay use unlabeled substrate, or endogenous substrate
(in vivo studies), and other methods for measurement, including mass
spectrometry,292

radioimmunoassays293

and

enzyme-linked

immuno-

assays.294
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Human recombinant microsomes with recombinant aromatase are an
alternative source of enzyme.295 Moreover, semi-automated high-throughput
screening methods, avoiding the need of radiolabeled substrates, were also
developed. For example, dibenzylfluorescein is dealkylated by aromatase to
form a fluorescein ester.296 Following hydrolysis with base, this product can
be quantified by fluorescence spectroscopy, thereby allowing measurement
of the enzyme activity.297
In vivo evaluation of the anti-aromatase potency and antitumor efficacy of
new aromatase inhibitors was out of the scope of this thesis and will not be
discussed in this document. A good description of such models can be
found elsewhere.284

1.5. The use of computer-aided drug design in drug
discovery and development
Identifying small-molecule modulators of the protein function, converting
these into lead series and progressing the entire pre-clinical and clinical
pipeline into a new drug for a particular disease is an extremely and
increasingly difficult challenge.298 On average, it takes between 10 to 15
years to bring a new prescription drug to the market, and despite the fact
that research and development costs increase every year, typically with
several hundred million euros spent with each new chemical entity, the
average number of new drugs released has been decreasing over the last
decade.299;300 One of the main reasons for this is that regulatory authorities
are becoming more restrictive, demanding for highly effective and safe
drugs. In many areas such as with antibiotics, drug designers are working
on fourth and fifth generation therapeutic agents. Therefore efficacy and
safety alone are not sufficient. New drugs have to present substantial
benefits over previous treatments already in the market.301
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This challenge has been faced with an increased use of computer science
within the traditional drug design campaigns to improve the quality of the
results.302-304 Biologists, chemists and pharmacologists use computer
models in all stages of drug design and development, from the early
identification of disease related genes to the interpretation of clinical trial
data. At the early stages of drug discovery, virtual screening (VS) is an
important tool to identify the most promising compounds to test. Structurebased drug design plays a crucial role in improving the complementarity
between the ligand and the protein target by studying the nature of the
complex. As biological activities are measured for related compounds in a
series, computer-aided drug design (CADD) can also be used to build
statistical models. Understanding the chemical and physical properties of a
compound that are essential for target binding, and using this information to
guide future synthesis efforts, is crucial for lead optimization. Additional
studies to understand and predict the pharmacokinetic and toxicological
properties of compounds are another area in which CADD helps ensure that
compounds with good biological activities can be optimized into compounds
that will be good drugs (Figure 1.20).304

Figure 1.20. Drug discovery and development workflow. CADD is
important at lead discovery, lead optimization and, increasingly, in preclinical phases.

Among an increasing number of compounds designed based on a rational
computer-assisted drug design, dorzolamide (Trusopt® from Merck, a
carbonic
(Relenza®

anhydrase
from

inhibitor

for

GlaxoSmithKline,

glaucoma
a

treatment),305

neuraminidase

zanamivir

inhibitor

for

influenzavirus treatment),306 lopinavir (Kaletra® from Abbott, a protease
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inhibitor for HIV treatment)307 and imatinib (Gleevec® form Novartis, a
tyrosine kinase inhibitor for the treatment of chronic myeloid leukemia)308
are just some examples. These drugs were successful cases of structurebased drug design.

1.5.1. Computer-aided drug design basic principles
CADD refers to the application of informatics to the discovery, design and
optimization of biologically active compounds. Some of the most commonly
used techniques will be described shortly.
1.5.1.1. Structure optimization
The low energy conformations that a ligand can adopt play an important role
in its activity. For example, ligand binding to a specific receptor requires the
adoption of a low energy conformation which is in some way complementary
to the binding pocket. This protein-bound conformation is named the
bioactive conformation. Molecular mechanics (MM) and quantum mechanics
(QM) are used to calculate and optimize a compound’s energy. Therefore,
these are very useful techniques for structure optimization.
Molecular mechanics is often used to perform initial minimizations.309 MM
considers the atoms in a molecule as spheres connected by springs.
Changes in energy due to bond stretching, angle bending, torsional
energies and non-bonded interactions (electrostatic and van der Waals
interactions) are calculated using parameters such as bond lengths (l),
angles (θ), torsions (ω), charges (q) and Lennard-Jones parameters (the
collision parameter σ and the well depth ε), which together with a set of
equations are referred to as a force field.310 A very simple molecular
mechanics force field is given below and the main energy contributions
illustrated in Figure 1.21.
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Figure 1.21. Schematic representation of the main energy contributions to
a molecular mechanics force field. Variations in potential energy are
illustrated. Adapted from literature.310

Molecular mechanics calculations are fast and require limited computing
time. Therefore it is the most commonly used method to optimize initial
geometries into realistic compound structures. Force fields were developed
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by studying different sets of molecules. Some were designed for the study
of proteins, such as AMBER311 GROMOS312 and CHARMM,313 others are
better suited for small molecules, including the Molecular Merck Force Field
(MMFF).314
Energy calculations using a MM force field measure how much bond
lengths, angles and torsions deviate from the “ideal” values included in the
force field. Therefore, energy minimization is the process of varying bond
lengths, angles and torsions in order to generate improved ligand
conformations.315 At each step the energy of the new conformation is
measured and changes lowering the energy are retained for further
optimization until no additional improvement is possible. This point is
referred to as the nearest energy minimum.
Step-wise energy minimization of a system until no further improvement can
be obtained tends to stop in a local minimum conformation rather than
progressing to the global minimum as illustrated in Figure 1.22. The
presence of an energy saddle that can not be crossed during minimization
prevents finding the conformation of lowest energy, the global minimum.
Therefore, conformational search is another computational tool that can be
used to cross energy barriers, generating different starting conformations by
stepwise bond rotation and minimizing each one of these.
Other computational tools to perform conformational analysis include
molecular dynamics,316;317 a technique to generate conformations by
simulating the time-dependent movement of the compound, and Monte
Carlo

simulations.318

Monte

Carlo

simulations

generate

random

conformations of the compound which, in principle, will sample all
possibilities, but only if left run long enough. How long it should run depends
on the number of rotatable bonds of the ligand.
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Figure 1.22. Schematic representation of a one-dimensional energy
surface. Minimization methods move downhill to the nearest minimum.
Energy barriers are crossed using conformational search, eventually
leading the most stable molecular conformation.

In the human body, compounds exist in an aqueous environment which will
influence

their

conformation.

Therefore,

energy

minimization

and

conformational analysis can be undertaken in vacuo, or, more realistically,
considering the interactions of the solute and the solvent.319 More precise
calculations of ligand conformations require the use of quantum mechanics,
but are far more expensive in terms of computing time.320 QM calculates
properties of the molecules using quantum physics to evaluate the
interactions between electrons and nuclei. Quantum mechanics techniques
can be divided into two main methods. The most rigorous comprises ab
initio techniques which do not require the use of pre-defined parameters.
These methods are however dependent on the selection of basis set,
functions to describe the orbitals of the system. On the other hand, semiempirical methods are faster than ab initio and applicable to compounds
with larger molecular weight. Semi-empirical quantum chemistry methods
consider only electrons in the outer shells of the atoms and use predefined
parameters.321
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1.5.1.2. Molecular dynamics
Molecular dynamics (MD) is a computational technique in which successive
configurations of a system are generated by integrating the Newton’s law of
motion. The result is a trajectory that describes how the positions and
velocities of particles in the system vary with time.316 MD simulations of
biological macromolecules provide atomic detail on the internal motions of
these

systems.

Constant

improvements

in

the

methodology

and

computational power, extended the use of molecular dynamics studies to
larger systems including, for example, explicit solvent and/or membrane
environment, greater conformational changes and longer time scales.317
Drug design applications of molecular dynamics simulations include the
estimation of free energies of binding,322 prediction of target selectivity,323
generation of multiple conformations for flexible docking,324 development of
dynamic protein-based pharmacophores,325 metabolism prediction326 and
refinement of protein homology models.327
1.5.1.3. Calculation of electronic properties
Knowledge of the electrostatic surface potential (ESP) is important when
studying molecular recognition by biological targets. When molecules
approach each other, the initial contacts arise from long-range electrostatic
forces. Therefore, ESP is a very useful tool in drug design and can be
employed for the analysis and prediction of molecular interactions.328-330
Molecular electrostatic potentials are calculated directly from the QM wave
function and are represented as the interaction energy of a positively
charged proton with the charge density produced by the electrons and
nuclei at any point in the space around the molecule.
QM calculations applying the molecular orbital theory to identify the most
reactive positions of the compounds are useful for metabolism prediction.
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Frequently, these positions correspond to the HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular orbital).331
1.5.1.4. Calculation of molecular interaction fields
Biological processes such as ligand-receptor binding or enzyme-substrate
interaction are determined by non-covalent forces. One method to calculate
the energetic conditions between molecules approaching each other is the
generation of molecular interaction fields (MIF).332 MIFs describe the
interaction energy between the target molecule and chemical probes moved
in a 3D grid around the target. These probes mimic the chemical properties
of the binding partner. Computer graphics are able to display MIFs as 3D
isoenergy contours. Those of large positive energy indicate regions from
which the probe would be repelled, while those of large negative energy
correspond to energetically favorable binding regions (Figure 1.23).

Figure 1.23. Hydrophobic and hydrogen bond donor MIFs calculated for
flavone and represented at a negative energy level (favorable interactions).
This figure was created using the program ALMOND.333

The calculation of MIFs can be applied to a wide range of molecular
modelling studies.334-336 The strategy employed depends on the available
information for ligands and macromolecular targets. If the 3D structure of a
protein target is known, the MIFs can be used to locate favorable regions for
the ligands. Subsequently, these regions can be taken as a starting point for
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the design of new ligands for the receptor. Often, no structural information
about the protein receptor is available and only ligands are known. Under
such circumstances MIFs can help to generate a more or less detailed
representation of the potential receptor binding site. A prerequisite for this
approach is that all ligand molecules bind to the same active site with an
analogous orientation.
1.5.1.5. Three-dimensional quantitative structure-activity relationships
Structure-activity relationships (SAR) are important for any medicinal
chemistry project providing the direction for the next compounds to be
synthesized. Accurate and descriptive SAR are used to suggest chemical
modifications with better probability to provide good compounds than
random.

Quantitative

structure-activity

relationship

analysis

tries

to

statistically relate changes in the structure of a series of compounds to the
experimentally measured values of biological activity. This provides a
deeper understanding of the SAR and the mathematical models built can
used to predict the activity of other compounds.337
The first step of a quantitative SAR study is the selection of descriptors to
describe the physical and chemical properties of the compounds in study,
typically hydrophobic, steric and electrostatic measures.338 The formula
generated by quantitative SAR relates multiple properties to a single
biological activity:
Biological activity = ƒ (descriptor1, descriptor2, descriptor3, …)
Three-dimensional quantitative structure-activity relationships (3D-QSAR) is
a further development of this approach. It assumes that the most important
properties of a molecule, when binding to a protein target, are its overall
shape, electrostatic and molecular interaction fields. A lattice box is built
around each compound and a probe atom is placed at each lattice point.
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The interaction between the ligand and the probe is measured to define
properties such as shape, hydrophobicity and hydrogen bond donoracceptor capacity.
Superimposition of the compounds within the lattice box is the most difficult,
time-consuming and subjective step in any 3D-QSAR study.339 For this
reason, alignment-independent descriptors such as grid-independent
descriptors (GRIND) were developed.334 GRIND descriptors identify relevant
regions for the molecular recognition of the compounds in study and
describe their relative position. The GRIND calculation starts with the
computation of MIFs representing important non-bonded interactions found
in biological targets such as hydrophobic contacts (DRY probe), hydrogen
bond donation (N1 probe), hydrogen bond acceptance (O probe) and shape
complementarity (TYP probe).340
MIFs are filtered based on the distance between node pairs and the energy
levels. This procedure identifies well defined regions where relevant
interactions with the macromolecular target might occur. In the next step,
each individual node value is multiplied by a factor, in order to scale it within
the range of 0 and 1. Then, a maximum auto and cross-covariance
(MACC2) transform is applied to each pair of scaled filtered MIF nodes. The
purpose of the transformation is to obtain descriptors independent of the
orientation of the molecule. In practice, the scaled energy product of each
pair of nodes is calculated and the values are included into a distance bin,
according to the node-node separation. For each distance bin, only the
highest energy product is kept. As the node pairs responsible for the highest
energy product, located in each distance bin, are recorded, it is possible to
trace back this information, which is useful for the chemical interpretation of
the models. Taken together, the ensemble of distance bins generated for
each compound defines a representative pattern of the possible compoundtarget interactions. In summary, the GRIND descriptors encode geometrical
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relationships between the relevant sites of interaction into an orientationindependent set of variables. Although GRIND descriptors are alignment
independent, they are not conformation independent.334
During a 3D-QSAR study, each compound generates a large number of
variables, which are then related to the biological activity using multivariate
statistical analysis with, for example, partial least squares regression
(PLS).341 As the algorithm builds the models, it systematically excludes one
compound from the analysis and evaluates how well its activity is predicted.
This information is used to build an improved model including the missing
compound but now excluding another molecule. This cross validation
method is known as leave-one-out (LOO, Figure 1.24).342

Figure 1.24. Schematic representation of a LOO cross-validation study
with 4 compounds (A,B,C,D). Individual models are built, excluding one
molecule at a time, and used predict the activity of the missing compound.
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The statistical validation of the model is given by the r2 (the correlation
coefficient) and the q2 (the cross-validated correlation coefficient). The r2 is
the correlation between the biological activity measured and the predicted
value, using a model with all compounds. The r2 is therefore a measure of
the internal consistency of the model. The q2 is similar to the r2 but uses the
predicted activity when the compound is not included in the model.
Therefore it is used as a measure of the predictive ability of the model.
The output from 3D-QSAR calculations is a graphical representation of the
beneficial and non-beneficial contributions to the field. New compounds can
have their biological activities predicted by comparison of their 3D fields to
the model.335
1.5.1.6. Homology modelling
Optimizing the activity of compounds by considering their direct interaction
with a target, e.g. a protein, is a very attractive strategy. Protein structures
are determined experimentally in two manners, by X-ray crystallography and
nuclear magnetic resonance (NMR) spectroscopy. NMR spectroscopy
elucidates the structures of macromolecules in solution and has been
limited to the study of small proteins. Despite the growing applicability of
NMR, X-ray crystallography is still the most important method to generate
protein structures for structure-based drug design.343
In the absence of experimentally derived protein structures, theoretical
models can be built. These models, based on homology to known crystal
structures, are very useful, especially when the template protein is highly
related to the modeled protein. Indeed, protein structures are better
conserved than their sequences344 and two proteins with only about 20% of
sequence similarity can still share the same 3D structure (Figure 1.25).
However, as sequence similarity decreases, the reliability of the model is
also reduced.
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Homology modelling starts with a comparison of the sequence to be
modeled against the sequences of available protein structures. Structures
with high degree of sequence similarity are defined as templates. The next
step is to align the sequence of the template protein with the sequence of
the protein to be modeled. This is followed by the generation of the
backbone of the protein and modelling of the side-chains, often using
rotamer libraries. The model is then optimized using an molecular
mechanics

force-field

and

validated

by

statistical

comparison

of

physicochemical properties from the resulting structure, to averaged values
found in high-quality structures.345

Figure 1.25. 3D Structure of CYP1A2 and CYP2C9.133;137 Although
belonging to different families (less than 40% of amino acid sequence
identity) these two P450s share the same overall structure. Heme binding
pockets are identified with a blue arrow. This figure was created using the
program Pymol.346

To date no X-ray structure of aromatase has been published in the Protein
Data Bank (PDB), despite recent progresses in the 3D determination of
mammalian and human cytochrome P450 enzymes.131;137-139 On this basis,
homology models for aromatase have been built and proved to be valuable
in

understanding

the

binding

determinants

of

several

classes

of

inhibitors.140;347;348
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1.5.1.7. Docking
Molecular docking is the process of predicting if and how a ligand will bind
to a protein binding pocket, followed by an estimation of how strong is the
ligand binding affinity. The earliest docking approaches treated both the
ligand and the protein as rigid bodies, docking compounds by rotation and
translation into the binding pocket of the target. This approach was followed
by semi-flexible docking in which the ligand is treated flexibly by allowing
bonds to rotate. Flexible protein docking methods, which treat the protein in
a flexible manner, are nowadays becoming more important.324 However,
they remain too computer intensive to be used in virtual screening.
The free energy of binding (ΔG) is given by the Gibbs-Helmholtz equation,
where ΔH is the enthalpy, T the temperature and ΔS the entropy:
ΔG = ΔH − TΔS
ΔG is related to the binding constant Ki by the following equation, with R
corresponding to the gas constant:
ΔG = −RT ln Ki
A large number of scoring functions are available to predict free energies of
binding for small molecules, based on the 3D structure of protein-ligand
complexes. These techniques differ both in accuracy and speed. Very
accurate but time-consuming techniques, such as the free energy
perturbation method, can be used to predict relative binding affinities of
small series of compounds.349 Much faster, although less accurate scoring
functions, can be used to perform virtual screening of hundreds or even
thousands of molecules. These scoring functions can be empirical, force
field-based or knowledge-based. Empirical methods, such as ChemScore
implemented in the GOLD docking software, use several terms describing
important properties to the ligand binding.350 Force field methods such as
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GOLDScore from GOLD or the GRID force field332 used by the software
GLUE,333 are based on the non-bonded terms of molecular mechanics force
fields. Knowledge-based functions use structural information collected from
high-quality X-ray structures of protein-ligand complexes.351
As an output, docking tools rank each compound compared to the others.
The values predicted by the scoring functions are able to separate the most
promising compounds from those unlikely to bind the macromolecular
target, although not always accurately ranking within each group.352
1.5.1.8. Pharmacophore modelling
A pharmacophore is the ensemble of steric and electronic features that is
necessary to ensure the optimal supramolecular interactions with a specific
biological target and to trigger (or block) its biological response.353 Using this
representation is a useful way to identify new active compounds. The new
molecules are most typically studied in 3D so that the pharmacophore
model captures both the nature of the functional groups but also their
relative orientation to each other.
Functional groups in a pharmacophore model are not usually considered at
an atomic level but as broader interaction properties. The most typically
used features include hydrogen bond acceptors, hydrogen bond donors,
positive ionizable groups, negative ionizable groups and hydrophobic
regions. Identifying the most important functional groups from which to
derive a pharmacophore model can be undertaken by a ligand-based
approach. A set of known active compounds are superimposed in the 3D
space and the shared functional groups identified, as well as their spatial
arrangement.354 Typically, tolerances are include for the distance values, in
order to compensate for small displacements that might be allowed within
the binding site. Training sets with highly active but conformationally
restricted compounds avoid time-consuming and potentially misleading
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superimpositions. Furthermore, in order to reproduce the bioactive
conformation, pharmacophore models are usually restricted to low-energy
geometries, although not necessarily an energy minimum.355
Pharmacophore queries can also include a measure of the required shape
of the molecules, based on the shape of the compounds used to build the
model, in order to improve complementarity to the biological target and
avoid steric clashes. Possible adverse steric interactions are prevented with
the use of excluded volume spheres, forbidden volumes that compounds
cannot map. A complementary approach is the use of inclusion volume
spheres selected on the basis of the shape of highly active compounds.
Using queries to search in 3D requires a method to consider conformational
flexibility. The simplest approach is to generate and store multiple
conformations of all ligands in the database. The software will then test
rigidly all conformations of the ligand and return those that fit. Alignment
methods require a quantitative measure to assess the degree of overlap
between the ligands and the pharmacophore. Typically in point-based
methods, the optimization algorithm attempts to reduce the root mean
square deviation of the pharmacophoric features by least-squares fitting.
Employing additional 2D substructure filters improves the efficiency of these
approaches and reduces the computational time required.
Pharmacophore models can be used to quickly search databases of
hundreds of thousands of compounds, returning compounds that will look
very different from the initial set. As such, it is a very useful tool in lead
finding.356
1.5.1.9. Virtual screening
High-throughput screening (HTS) is a well-established method for finding
new lead compounds in drug discovery. HTS involves fully automated
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assays, allowing fast biological evaluation of a large number of compounds
for a given target. However, the costs associated to such screenings are
high and the hit rates low. This problem might be avoided by not screening
complete databases experimentally, but only a small subsets enriched in the
most promising compounds.
Virtual screening describes any computational method to select compounds
for experimental screening, predicted to have better probability of being
active than random. Large electronic databases might be used, typically
with hundreds to millions of structures, either in house available
compounds, commercially available compounds or chemically feasible
virtual compounds.
Virtual screening can follow a ligand-based strategy or a structure-based
strategy. Ligand-based VS uses information from known active compounds
to select other molecules. A training set of these structures is the starting
point to build pharmacophore queries, as well as similarity or substructure
searching procedures. Structure-based VS approaches use molecular
docking to select compounds predicted to bind with strong affinity to the
binding pocket of the target protein.357
Virtual screening can be applied to millions of molecules in a relatively short
time scale, much quicker than HTS. However, the real value of VS is in its
complementarity to HTS. Both ligand- and structure-based approaches are
able to identify sets of compounds which must then be tested in a relevant
in vitro assay.
The main disadvantage of virtual screening is that if tight constraints are
used on the type of compounds selected, this will limit the possibility of
finding novel and unexpected molecules due to serendipity.358
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1.6. Objective of this thesis
Recent clinical trials confirmed the important role of third generation
aromatase inhibitors as first-line therapy for the treatment of breast
cancer.14;15 However, even for the aromatase inhibitors most used in the
clinic, there are still limitations arising from possible inhibition of other
cytochrome P450 enzymes, from development of resistance in long-term
treatments and from reduced efficacy in the treatment of more advanced
stages of cancer.359;360 Therefore, the main motivation for this study was the
development

of

new

aromatase

inhibitors

with

potentially

better

pharmacological and toxicological profiles.
Unlike early drug discovery methods based on trial and error, rational drug
discovery uses structural information about drug targets and known ligands
as a basis for the design of effective new drugs. With this in mind, we have
combined state of the art computational drug discovery techniques with a
biochemical evaluation assay for the rational discovery of new aromatase
inhibitors.
The biochemical evaluation of compounds from emerging new classes of
aromatase inhibitors, endogenous estrogens and natural polyphenols,
provided new insights into the molecular basis of aromatase active site
recognition and binding. This information was combined into a virtual
screening strategy for the discovery of new aromatase inhibitors.
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The main estrogen metabolites were tested on a
biochemical assay with aromatase extracted from
human

term

placenta.

Catechol

estrogens

were

identified as potent competitive inhibitors with IC50 in the
low micromolar range. Their binding to the active site of
the enzyme was characterized in terms of steric and
electronic

properties.

The

therapeutical

and

physiological relevance of this finding is discussed in this
chapter.

2. Biochemical and computational insights into the anti-

aromatase activity of natural catechol estrogens
Marco A. C. Neves, Teresa C. P. Dinis, Giorgio Colombo, M. Luisa Sá e Melo.
J. Steroid Biochem. Mol. Biol., 2008, 110, 10-17.

II. Anti-aromatase activity of natural catechol estrogens

2.1. Abstract
High levels of endogenous estrogens are associated with increased
propensity of developing breast cancer. Estrogen levels are mainly
increased by the activity of the aromatase enzyme and reduced by
oxidative/conjugative metabolic pathways. In this work, we demonstrate for
the first time that catechol estrogen metabolites are potent aromatase
inhibitors, thus establishing a link between aromatase activity and the
processes involved in estrogen metabolism. In particular, the antiaromatase activity of a set of natural hydroxyl and methoxyl estrogen
metabolites was investigated using an in vitro assay with aromatase
extracted from human term placenta and subsequently compared with the
anti-aromatase potency of estradiol and two reference aromatase inhibitors.
Catechol estrogens proved to be strong inhibitors with an anti-aromatase
potency two orders of magnitude higher than estradiol. A competitive
inhibition

mechanism

was

found

for

the

most

potent

molecule,

2-hydroxyestradiol and a rational model identifying the interaction
determinants of the metabolites with the enzyme is proposed based on ab
initio quantum mechanic calculations. A strong relationship between activity
and electrostatic properties was found for catechol estrogens. Moreover, our
results suggest that natural catechol estrogens may be involved in the
control mechanisms of estrogen production.

2.2. Introduction
Estrogen metabolism is no longer seen as the simple transformation of
hydrophobic hormones into more polar compounds, prone to urinary
excretion. Instead it is considered a much more complex process with
several estrogen metabolites playing important and unique biological
functions in target cells, not directly associated to the parent hormones.75
Recent advances in this area confirmed that estrogen metabolites are far
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from being inactive compounds. They retain the potential to bind to the
estrogen receptor with variable degree of estrogenic activity,89;104 and have
potent pro and anticarcinogenic activities.77;96;111 The involvement of
estrogens in breast cancer is therefore not limited to the proliferative effects
of estradiol, but involves a complex balance between the actions of multiple
compounds.361
An additional link between estrogens and breast cancer was established
with the work of Shimizu et al. demonstrating that natural estrogens, like
estradiol and estrone, are able to block its own formation through aromatase
active site binding as competitive inhibitors.144 Since estrogens are
produced endogenously, an in situ mechanism of aromatase activity
regulation might occur. However, the preliminary study performed by those
researchers was not further extended to the catechol estrogen metabolites
and their methoxy derivatives.
In this chapter, we have focused on the biochemical evaluation of the antiaromatase

potential

of

a

set

of

natural

hydroxyl

and

methoxyl

estradiol/estrone metabolites and a related synthetic derivative, the
2-methoxyestradiol-3-methylether, using an in vitro assay with aromatase
extracted from human term placenta. The involvement of these compounds
in breast cancer is discussed based on our results and findings from other
reports in the literature. Furthermore, a rationale for the molecular
interaction of this type of compounds with aromatase is proposed, based on
ab initio quantum chemical methods, and their potential for lead optimization
towards better therapeutical prospects is discussed.
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2.3. Results and discussion
2.3.1. Concentration-response study
Inhibition of the human placental aromatase by estradiol (E2, 2.1), estrone
(E1, 2.2), their physiological metabolites 16α-OHE1 (2.3), E3 (2.4), 2-OHE1
(2.5), 2-OHE2 (2.6), 4-OHE1 (2.7), 4-OHE2 (2.8) 2-MeOE2 (2.9), 4-MeOE2
(2.10), 2-OHE2,3Me (2.11) (Figure 2.1), and the related synthetic derivative
2-MeOE2,3Me (2.12, Figure 2.2), was evaluated using an in vitro
radiometric assay.
Briefly, the use of a radiolabeled androgen as the substrate of the enzyme
allowed a simple and rigorous quantification of the extent of the
aromatization reaction which is proportional to the amount of tritiated water
formed together with the corresponding estrogen. Full concentrationresponse curves were obtained by evaluation of the aromatase activity in
the presence of the potential inhibitors with the maximal activity being given
by control experiments (i.e. experiments without the compounds in study). A
broad range of inhibitor concentrations to allow the determination of the half
maximal inhibitory concentrations (IC50) was used. In the case of less active
compounds, incomplete dissolution at higher concentrations did not allow
the establishment of a full concentration-response curve. The IC50 and the
percentage of aromatase inhibition at 100 µM for the complete set of
estrogens tested are shown in Table 2.1. The most active estrogens,
2-OHE1 (2.5), 2-OHE2 (2.6), 4-OHE1 (2.7) and 4-OHE2 (2.8) inhibited the
aromatase enzyme with remarkable potency, showing a clear sigmoidal
concentration-response behavior, as represented for compound 2.7 in
Figure 2.3. The observed potency is stronger than for the reference nonsteroid first generation aromatase inhibitor tested, aminoglutethimide
(IC50=10 µM, Table 2.1). In contrast, E2 (2.1), E1 (2.2) and their methoxyand 16α-hydroxy derivatives showed lower anti-aromatase potency, as
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evidenced in Figure 2.3 for 2-OHE2,3Me (2.11), 2-MeOE2,3Me (2.12) and
16α-OHE1 (2.3). However, all the compounds in study presented lower antiaromatase potency than formestane, a second generation steroid AI, also
used as a reference inhibitor (Table 2.1).

Figure 2.1. Schematic representation of estrogen conversion paths.
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Figure 2.2. 2-Methoxyestradiol-3-methyl ether (2.12).
Table 2.1. In vitro aromatase inhibition by estradiol, estrone and
derivatives. Aminoglutethimide and formestane were tested as reference
compounds.

Compound

IC50 (µM)[a]

Inhibition at 100 µM

E2 (2.1)
E1 (2.2)
16α-OHE1 (2.3)
E3 (2.4)
2-OHE1 (2.5)

227 ± 8
36 ± 1
ND[b]
ND[b]
2.4 ± 0.06

35%
47%
9%
8%
94%

2-OHE2 (2.6)

1.1 ± 0.03

95%

4-OHE1 (2.7)
4-OHE2 (2.8)
2-MeOE2 (2.9)
4-MeOE2 (2.10)
2-OHE2,3Me (2.11)
2-MeOE2,3Me (2.12)
Aminoglutethimide
Formestane

1.8 ± 0.05
2.6 ± 0.09
296 ± 10
ND[b]
134 ± 2
234 ± 3
10 ± 0.09
0.092 ± 0.004

96%
92%
33%
14%[c]
41%
21%
ND[b]
ND[b]

[a] Results are shown as the mean ±SEM of three independent assays, each
one in triplicate.
[b] ND: not determined.
[c] Percentage of inhibition at 31.62 µM.
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Figure 2.3. Concentration-response curves obtained with 4-OHE1 (2.7, ■),
2-OHE2,3Me (2.11,

▼),

2-MeOE2,3Me (2.12, •) and 16α-OHE1 (2.3, ♦)

tested as AIs. Aminoglutethimide () was tested as a reference AI. Each
point represent the mean of three independent assays performed in
triplicate and the vertical bars the standard error of the mean (SEM). The
data

were

analyzed

by

nonlinear

regression

using

a

sigmoidal

concentration-response curve with variable slope.

2.3.2. Kinetic analysis
A more detailed analysis on 2-OHE2 (2.6), the most potent compound under
study (lowest IC50), showed a mechanism of competitive inhibition, as
displayed in the Lineweaver-Burk plot (Figure 2.4). Experiments were
performed with several concentrations of substrate in the absence and in
the presence of three different concentrations of 2-OHE2 (2.6). The data
obtained were fitted by nonlinear regression to the Michaelis-Menten
equation (Figure 2.4, inset) and the kinetic constants are shown in Table
2.2.
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Figure 2.4. Lineweaver-Burk plot of the inhibition of human placental
aromatase by 2-OHE2 (2.6). A control (■) and three increasing inhibitor
concentrations were used: 0.5 µM (•), 1.0 µM (▼) and 1.5 µM (♦). A
Michaelis-Menten plot of the same data is shown in the inset. Each point
represents the mean of three independent assays performed in duplicate
and the vertical bars, the standard error of the mean.
Table 2.2. Kinetic constants (Ki, Km and Vmax), relative inhibitory potency (Ki
/ Km) and type of aromatase inhibition by 2-OHE2 (2.6).

Ki (µM)

[a]

1.6 ± 0.03

Km (µM)

Vmax
(pmol/min/mg
protein)

Ki / Km

Type of
inhibition

0.14 ± 0.002

70 ± 0.5

11

Competitive

[a] Result is shown as the mean ±SEM of three independent assays, each one in
duplicate.
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2.3.3. Electrostatic surface potential calculation
Further understanding of the possible molecular recognition determinants
leading to the binding of these catechol inhibitors to the active site of the
aromatase, was pursued using ab initio quantum chemistry methods. Six
representative compounds, including the best inhibitor found in this study
(2-OHE2, 2.6), and five related compounds, the estradiol precursor E2 (2.1),
the 4-OHE2 (2.8), a methoxy metabolite (2-MeOE2, 2.9), the 2-MeOE2,3Me
(2.12) and a 16α-hydroxyl derivative (E3, 2.4), were represented in a three
dimensional model with optimized geometry. The electrostatic potential
derived from ab initio calculations at the Hartree-Fock theory level, along
with the standard polarized ζ basis set (HF/6-31G*), mapped onto the
electron density isosurface, is shown in Figure 2.5. As expected, catechol
estrogens, i. e. 2-OHE2 (2.6) and 4-OHE2 (2.8) have a strong negative
electrostatic potential centered at each catechol oxygen atom, and are
partially stabilized through an intramolecular hydrogen bond. No steric
hindrance limits the catechol access to a macromolecular target, therefore,
intermolecular charge-transfer interactions might occur at the active site of
the aromatase, either by hydrogen bonding or metal coordination, which
might explain the strong anti-aromatase potency. Similar regions of negative
electrostatic potential were found in 2-MeOE2 (2.9), however, substitution of
the C2 hydroxyl by a methoxyl group introduces sterical hindrance at the
ring A and may limit the interaction with the enzyme, which might be
responsible for the low anti-aromatase activity of 2-MeOE2 (2.9). In a similar
manner, 2-MeOE2,3Me (2.12), a double methoxylated compound, will fail to
establish strong electrostatic interactions with the aromatase active site. On
the other hand, E2 (2.1) and E3 (2.4), show a different ESP, with a single
negative potential area derived from the 3-hydroxyl at ring A.
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Figure 2.5. Electrostatic surface potential mapped on the 0.02 e/A3
electron density isocontour derived from ab initio HF/6-31G* calculations.
E2 (2.1), E3 (2.4), 2-OHE2 (2.6), 4-OHE2 (2.8), 2-MeOE2 (2.9) and
2-MeOE2,3Me (2.12) are displayed from the β-face as shown by the
transparent capped-stick model on the inside of the electron density
contour. ESP ranges from V= 0.1 eV (blue) to V= −0.1 eV (red). This figure
was created using the program Molden.362

Electrostatic potential similarities between the two most active estrogens,
2-OHE2 (2.6) and 4-OHE2 (2.8), are clearly evident at the isosurface
potential contour, represented in Figure 2.6. The negative potential at ring
A of both catechols is remarkably superimposable, either considering its
spatial location or intensity, suggesting a common binding mode, guided by
strong electrostatic interactions.
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Figure 2.6. Electrostatic surface potential derived from ab initio HF/6-31G*
calculations at isosurface values of V= 0.025 eV (blue) and V= −0.025 eV
(red). E2 (2.1), E3 (2.4), 2-OHE2 (2.6), 2-MeOE2 (2.9) and 2-MeOE2,3Me
(2.12) are displayed from the β-face as shown by the transparent cappedstick model on the inside of the ESP contour. 4-OHE2 (2.8) is displayed
from the α-face. Arrows indicate similarities in the negative potential
contour of the most active compounds. This figure was created using the
program Molden.362

2.4. Conclusions
The biochemical evaluation of the main estradiol and estrone metabolites
revealed that the catechol estrogens 2-OHE1 (2.5), 2-OHE2 (2.6), 4-OHE1
(2.7) and 4-OHE2 (2.8) are potent AIs with half maximal inhibitory
concentrations in the range of 1.1 to 2.6 µM (Table 2.1). In our assay
conditions, E2 (2.1) showed anti-aromatase activity, though only at higher
concentrations (IC50=227 µM). The substitution of one hydroxyl group at the
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catechol moiety by methoxy markedly decreased the anti-aromatase
activity. In a similar manner, 2-MeOE2,3Me (2.12), a 2,3-dimethoxy synthetic
derivative, showed reduced anti-aromatase potency. Moreover, the
16α-hydroxylation, leads to weak AIs with only 8 to 9% inhibition at a
100 µM concentration, as seen for E3 (2.4) and 16α-OHE1 (2.3).
In particular, the anti-aromatase activity of 2-OHE2 (2.6), the most potent
inhibitor tested, was found to be ca. 200 times stronger than E2 (2.1). This
molecule competed with androstenedione for the active site of the enzyme
showing a typical competitive Lineweaver-Burk plot (Figure 2.4) and a good
relative potency of aromatase inhibition (Ki/Km=11). These results are in
agreement with the type of inhibition found for estradiol and estrone144 and
demonstrate for the first time that estrogens metabolized to catechol
derivatives have an increased anti-aromatase potential.
Steric and electronic effects are expected to control the recognition and
binding affinity of these molecules to the aromatase active site. Catechol
estrogens have in common a pair of hydroxyl groups prone to interact with
the aromatase active site, either at C2 and C3, in compounds 2.5 and 2.6 or
at C3 and C4 in compounds 2.7 and 2.8. Large differences in antiaromatase potency between catechols and the other estrogens in study
suggest that catechol hydroxyls are involved in strong electrostatic
interactions, like hydrogen bonds, either as donors or as acceptors, or in
coordination with the heme iron at the aromatase active site. Methylation of
one or both A-ring hydroxyl groups strongly blocks the accessibility to the
enzyme and prevents the establishment of favorable interactions. No
relationships between anti-aromatase activity and the oxidation state at
C17, either hydroxyl or ketone, were found.
Human breast tissue is a major source of estrogen production in
postmenopausal women. Breast cells contain steroidogenic enzymes
essential to estrogen production, as well as estrogen metabolizing
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enzymes.77;363;364 2-OHE2 (2.6) is produced mainly by CYP1A1, CYP1A2
and CYP3A4, whereas 4-OHE2 (2.8) is produced mostly by the CYP1B1.92
Genetic polymorphisms of several estrogen metabolizing enzymes have
been identified in human.365 Different variant alleles of CYP1A1 and
CYP1B1 determine changes in the ratio of 2-/ 4-hydroxyestradiol formation
and these differences have been correlated with postmenopausal breast
cancer risk.77 In particular, catechol estrogens seem to play a dual role on
the initiation of breast tumors: while 2-hydroxy derivatives have preventive
effect due to their anti-estrogenic and antiproliferative activities in hormonedependent human breast cancer cells,91;366 4-hydroxy derivatives may act as
tumor initiators due to a significative estrogenic activity90 and the formation
of 3,4-quinones, electrophilic intermediates that covalently bind to DNA and
form depurinating adducts.110;367
Although

plasma

levels

of

estrogen

metabolites

are

low,

these

concentrations do not reflect the local concentrations. Indeed, high levels of
catechol estrogens were detected in both normal and breast cancer tissue
samples. Castagnetta et al. reported a concentration of catechol estrogens
50 times higher than those of E1 and E2, suggesting that oxidative
metabolism in the breast tissue is very effective.368 On the other hand,
androstenedione concentration in tumor breast tissue was found to be
approximately 10 times greater than the estradiol levels.369;370 Therefore,
catechol estrogen concentrations might be greater than the levels of
androgens, competing to the aromatase active site.
Catechol-O-methyltransferase

is

the

major

enzyme

in

catechol

biotransformation. Kinetic analysis of this enzyme in the presence of
catechol estrogens, has revealed higher catalytic efficiency for the formation
of C4-methoxy estrogens than C2-methoxy estrogens and Km values are the
range of 24 to 108 µM.371 Considering these data and the low Ki (1.6 µM)
found by us for 2-OHE2 (2.6), we can speculate that estrogens are stable
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enough to inhibit the aromatase enzyme. Thus, the results of our study
suggest that the oxidative metabolism of estrogens in the breast might be
responsible for an intracrine control mechanism of the aromatase activity
exerted by catechol estrogens. In particular the 2-OHE2 (2.6), which is non
carcinogenic in vivo and almost devoid of estrogenic activity,90 might offer
protection against excessive production of estrogens in postmenopausal
women, and consequently against breast cancer. So, the effectiveness of
this mechanism of competitive inhibition will depend on the in situ
concentrations of estrogen catechols and androgens, and on the metabolic
stability of the catechols.
Moreover, the strongest anti-aromatase activity found in the present work
for the 2-OHE2 (2.6), suggests that a shift towards the 2-hydroxylation
pathway might determine some long term protection against breast cancer
by a biochemical mechanism of competitive inhibition of the enzyme
aromatase. Furthermore, 2-MeOE2 (2.9), the product of 2-OHE2 (2.6)
methylation by COMT is a potent antiangiogenic and antiproliferative
compound, already in clinical trials.96
The reduced oral bioavailability of catechol estrogens due to methylation by
COMT and the potential to undergo metabolic redox cycling with generation
of free radicals and reactive semiquinone/quinone derivatives limits the use
of catechol estrogens as therapeutical agents to the endocrine treatment of
breast cancer. Further studies based on the chemical physical results
obtained here should therefore be performed in order to find appropriate
bioisosteric derivatives, devoid of estrogenic activity or having antiestrogenic activity, with improved pharmacokinetics and reduced toxicity.
In summary, we have demonstrated that natural catechol estrogens have
strong anti-aromatase activity and might be responsible for an intracrine
control mechanism of estrogen production in postmenopausal women. With
our study, important molecular recognition determinants have been
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calculated and from this integrated approach, structure-activity rules have
been rationalized which can be used for the lead optimization of new
aromatase inhibitors.

2.5. Materials and methods
2.5.1. Materials and general methods
Estradiol,
methyl

2-hydroxyestradiol,

ether,

2-methoxyestradiol,

2-methoxyestradiol-3-methyl

4-methoxyestradiol,

16α-hydroxyestradiol,

2-hydroxyestradiol-3-

ether,

4-hydroxyestradiol,

estrone,

2-hydroxyestrone,

4-hydroxyestrone and 16α-hydroxyestrone were purchased from Steraloids,
Inc. (London, UK). NADPH, dl-aminoglutethimide and formestane were
purchased

from

Sigma-Aldrich

(St.

Louis,

MO,

U.S.A.).

[1β-3H]-

Androstenedione (specific activity: 25.3 Ci/mmol) and the liquid scintillation
cocktail Optiphase Hisafe 2 were purchased from PerkinElmer (Boston, MA,
USA), and the radioactive samples were counted on a Packard Tri-Carb
2000 CA liquid scintillation analyzer. All the other reagents were of
adequate grade for biochemical analysis.

2.5.2. Enzymatic preparation
Human term placental microsomes were obtained according to the method
described by Ryan and were used as a source of aromatase.372 Briefly, the
placenta was washed with saline solution, removed from large blood
vessels and connective tissues, and homogenized in a buffer containing
0.05 M sodium phosphate, pH 7.0, 0.25 M sucrose and 0.04 M
nicotinamide. Then, a microsomal preparation was isolated by a differential
centrifugation procedure with the final centrifugation at 105000 × g for one
hour. The microsomes were resuspended in a medium containing 0.1 M
sodium phosphate, pH 7.4, 0.25 M sucrose, 20% glycerol and 0.5 mM
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dithiothreitol and stored in aliquots at −80 ºC until needed. All procedures
were carried out at 4 ºC. No significant loss of activity occurred during the
time required to complete the assays.
Microsomal protein content was determined by the biuret method using
bovine serum albumin as standard.

2.5.3. Concentration-response study
Aromatase activity was measured by quantifying the amount of

3

H2O

released upon enzymatic conversion of the tritiated substrate, [1β-3H]androstenedione, into the corresponding estrogen. This method was first
described by Siiteri and Thompson.373 Incubations were performed at 37 ºC
in a medium containing 67 mM sodium phosphate, pH 7.5, [1β-3H]androstenedione (6.6×105 dpm / 24 nM), 15 µl methanol and 270 µM
NADPH. The potential inhibitors were dissolved in DMSO and added to the
assay in at least 8 concentrations ranging from 31.62 nM to 640 µM. The
amount of DMSO in the assay was always equal to 2% and the final
incubation volume was 500 µL. The reaction was started with the addition of
30 µg of microsomal protein and stopped after 20 minutes by adding 1 ml of
chloroform and vortexing at 9000 rpm for 40 seconds. After centrifugation at
3000 rpm for 5 minutes, the organic phase was discarded and the extraction
procedure was repeated. An aliquot (250 µl) of the aqueous layer was
collected and mixed with 3 ml of liquid scintillation cocktail. The amount of
tritiated water formed in each assay was determined in a Packard Tri-Carb
2000 CA Liquid Scintillation Analyzer. Appropriate controls without the
compounds in study were performed in order to determine the maximum
enzymatic activity to which the relative percentage of inhibition was
determined. Results were expressed as mean ±SEM of three independent
assays, each one in triplicate. Data were treated by nonlinear regression
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analysis, using a sigmoidal concentration-response curve with variable
slope. GraphPad Prism software, version 4.00 was used for this purpose.

2.5.4. Kinetic analysis
For the kinetic study, similar conditions to the concentration-response study
were used. The concentration of [1β-3H]-androstenedione was varied from
25 to 300 nM, the concentrations of 2-hydroxyestradiol tested were 0.5, 1.0
and 1.5 µM, and the reaction time was 5 minutes. An assay without inhibitor
was also performed. Results were expressed as mean ±SEM of three
independent assays, each one in duplicate. Data were fitted by nonlinear
regression to the Michaelis-Menten equation. The kinetic constants, Vmax,
Km and Ki were estimated by nonlinear curve fitting, and the type of
inhibition was determined from Lineweaver-Burk plots. GraphPad Prism
software, version 4.00 was used for this purpose.

2.5.5. Electrostatic surface potential calculation details
Three-dimensional models of compounds 2.1, 2.4, 2.6, 2.8, 2.9 and 2.12
were constructed using building fragments from the standard libraries of
MAESTRO v5.1.016.374 Flexibility was taken into account by conformational
search using the systematic unbounded multiple minimum (SUMM)375
routine implemented in MACROMODEL376 v8.1 with the Merck molecular
force field314 and the Polak-Ribiere conjugate gradient minimization method,
with an energy convergence criterion of 0.05 kJ/mol. The generalized Born
equation/surface area (GB/SA) continuum solvation model was used with
parameters for water, with a dielectric constant (ε) of 78.319 A maximum of
2000 conformations were generated and saved if within an energy window
of 50 kJ/mol over the global minimum. Similar structures were excluded
based on heavy atom superimposition, i.e. hydrogens excluded. All other
settings were used as default.

_____________________________________________________________
82

II. Anti-aromatase activity of natural catechol estrogens

The molecular mechanics geometry was further optimized at the semiempirical Austin Model 1 (AM1) level using the Gaussian 98 software377 and
the electron density distribution for electrostatic surface potential mapping
was calculated at the HF/6-31G* level.
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New potent polyphenol aromatase inhibitors were identified
experimentally. The physicochemical determinants for their
productive binding to the active site of the enzyme were
characterized
modelling

through

techniques

a

combination

based

on

of

molecular

grid-independent

descriptors, molecular interaction fields and docking into a
3D homology model of the enzyme. A rational on the antiaromatase activity of these compounds is presented in this
chapter.

3. Combining computational and biochemical studies

for a rationale on the anti-aromatase activity of
natural polyphenols
Marco A. C. Neves, Teresa C. P. Dinis, Giorgio Colombo, M. Luisa Sá e Melo.
ChemMedChem, 2007, 2, 1750-1762.

III. Anti-aromatase activity of natural polyphenols

3.1. Abstract
Aromatase, an enzyme of the cytochrome P450 family, is a very important
pharmacological target, particularly for the treatment of breast cancer. The
anti-aromatase activity of a set of natural polyphenolic compounds was
evaluated in vitro. Strong aromatase inhibitors including flavones,
flavanones, resveratrol, and oleuropein, with activities comparable to that of
the reference anti-aromatase drug aminoglutethimide, were identified.
Through the application of molecular modelling techniques based on gridindependent descriptors and molecular interaction fields, the major
physicochemical features associated with inhibitory activity were disclosed,
and a putative virtual active site of aromatase was proposed. Docking of the
inhibitors into a 3D homology model structure of the enzyme defined a
common binding mode for the small molecules under investigation. The
good correlation between computational and biological results provides the
first

rationalization

of

the

anti-aromatase

activity

of

polyphenolic

compounds. Moreover, the information generated in this approach should
be further exploited for the design of new aromatase inhibitors.

3.2. Introduction
As discussed in the previous chapter, mimicking the products of the
aromatase reaction might be an alternative strategy to the design of new
aromatase inhibitors. Strong molecules were identified based on the
estradiol and estrone scaffolds. Polyphenols, a large family of natural
compounds is another example of aromatase inhibitors related to estrogens.
Several compounds of this class are phytoestrogens with selective estrogen
receptor modulator and anti-aromatase activities.237;378
The use of natural compounds as starting leads represents an attractive
approach for the discovery of new breast cancer drugs based on an
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aromatase inhibition mechanism.258;259 However, to fully understand the
pharmaceutical and therapeutic potential of these natural compounds, a
deeper rational study of the physicochemical determinants of their
aromatase binding is needed.
To this end, we used a combination of experimental and theoretical
approaches to correlate concentration–response curves of in vitro
aromatase

inhibition

with

calculated

alignment-independent

three-

dimensional structure descriptors. Based on these preliminary data,
molecular interaction fields were translated into the main relevant nonbonded interactions expected to occur in the process of enzyme–inhibitor
recognition and binding, allowing us to obtain a representation of the
putative active site. Finally, this virtual receptor site was compared with the
active site structure of a homology model of the enzyme. The good
agreement between hydrophobic and hydrophilic portions of the 3D-QSAR
virtual receptor site with the homology model prompted us to perform semiflexible docking at the binding cavity.
With this strategy we were able to identify a common binding mode in all
inhibitors tested and propose structure–activity rules that might be
extrapolated to other types of compounds and used to optimize the activity
of existing derivatives.

3.3. Results and discussion
3.3.1. Biochemical evaluation
Several natural compounds, with scaffolds ranging from low to high
molecular weight and with various degrees of hydrophobicity, were
considered in this study. In particular, we tested 12 flavones (Table 3.1),
five flavanones (Table 3.2), one anthocyanin and one anthocyanidin
(Table 3.3), four coumarins (Table 3.4), and trans-resveratrol and
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oleuropein (Table 3.5). The first-generation AI, aminoglutethimide, was also
tested and used as a reference compound (Table 2.1).
The compounds in study were tested for the ability to inhibit aromatase by
using human placental microsomes as the source of aromatase. Full
concentration-response curves were obtained, allowing the determination of
the half-maximal inhibitory concentration. The concentration-response
curves for the most active compound 5,7,3’,4’-tetrahydroxyflavanone 3.14,
flavone 3.12, and aminoglutethimide, the reference inhibitor, are shown in
Figure 3.1. The IC50 values obtained are shown in Tables 3.1-3.5.

Figure 3.1. Concentration-response curves of compounds 3.14 (▼) and
3.12 (•). Aminoglutethimide (■) was tested as a reference AI. Each point
represents the mean of three assays performed in triplicate (n=3), and the
vertical bars indicate the standard error of the mean. The data were
analyzed by nonlinear regression using a sigmoidal concentrationresponse curve with variable slope.

Flavones inhibited aromatase with a potency between 7.2 and 100 µM
(Table 3.1). Several structural variations such as hydroxylation and
methoxylation at C5, C7, C3’, C4’, and C5’ were considered in order to
generate a high number of hypotheses about the spatial distribution of
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hydrophilic, hydrogen bond donors and acceptors, and small cavities within
the active site of the enzyme. Most of these molecules had stronger activity
than the unsubstituted flavone 3.12, confirming the potential of this type of
compounds for lead optimization into potent aromatase inhibitors.
Table 3.1. Estimated binding energies (EBE) and aromatase inhibitory
activities of flavones 3.1-3.12.

Compd

R1

R2

R3

R4

R5

EBE
(kcal/mol)[a]

IC50
(µM)[b]

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12

OH
OH
OH
OH
OH
H
H
H
H
H
H
H

OH
OH
OH
OH
OH
OH
OH
OH
H
H
H
H

H
H
OH
OH
OCH3
H
OH
OH
OH
OCH3
OCH3
H

H
OH
OH
OCH3
OH
H
OH
OH
OH
OH
OCH3
H

H
H
H
H
H
H
H
OH
H
H
H
H

−16.5
−16.2
−16.1
−15.6
−15.8
−16.2
−15.4
−16.1
−15.1
−16.0
−15.8
−16.2

8.9 ± 0.1
15 ± 0.2
8.6 ± 0.07
27 ± 0.7
7.2 ± 0.09
8.2 ± 0.1
38 ± 0.5
45 ± 0.7
100 ± 3
73 ± 2
42 ± 0.8
67 ± 1

[a] Binding energies were estimated on a model of the aromatase active site using
the GRID force field implemented in the GLUE docking software.
[b] Results shown are the mean ±SEM.

Hydroxylation at C7 markedly increased the anti-aromatase activity, as
observed in flavones 3.1, 3.3, 3.5, and 3.6, which have stronger activity than
aminoglutethimide (IC50=10 μM), the reference AI tested. These molecules
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inhibited aromatase with 8- to 9-fold greater activity than the unsubstituted
flavone 3.12. Compound 3.6, with just a single hydroxyl group at C7, was
the least functionalized flavone with potent aromatase inhibition activity.
Furthermore, comparing the activities of flavone 3.7 and flavone 3.9,
hydroxylation at C7 provided a 3-fold increase in inhibitory potency.
Simultaneous hydroxylation at C5 and C7 was also important to the antiaromatase activity, as observed with flavones 3.1, 3.3, and 3.5. Comparison
of the inhibitory potencies of compounds 3.3 and 3.5 (respectively 8.6 and
7.2 µM) with those of compounds 3.9 and 3.10 (respectively 100 and
73 µM), simultaneous hydroxylation at C5 and C7 appears to play an
important role in aromatase inhibition. Hydroxylation at C4’ is present in
some of the most active flavones, compounds 3.2, 3.3, and 3.5, and seems
to contribute, at least partially, to the anti-aromatase activity of these
molecules.
Flavanones lack the C2 unsaturation present in flavones, which decreases
the planarity at ring C and introduces new stereocenters in the molecule,
making it chiral. Conformational analysis (described in more detail below in
Section 3.5.4) confirms, however, that both global minimum-energy
conformations of flavone 3.12 and flavanone 3.17 are very well
superimposed, particularly at the 4-oxo group and at C5, C7, and C4’
(Figure 3.2).
As expected, substituted flavanones had greater activity than the
nonfunctionalized flavanone 3.17. The effect of substitutions is dependent
on their positions (Table 3.2) and followed a similar pattern to that observed
with flavones. However, compound 3.15 was less potent than flavone 3.5,
which might be the result of ring B rotation around the C2–C1’ axis due to
the transition from sp2 to sp3 geometry at C2, imposing a different spatial
disposition for the methoxyl group at C3’ (Figure 3.2).
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Figure 3.2. Superimposition of the global minimum-energy conformation
found for flavone 3.12 and flavanone 3.17 using the Merck molecular force
field314 and a water GB/SA continuum solvation.319 Distances separating
equivalent C2, C3’, and C5’ are displayed. The RMSD of both structures is
equal to 0.35 Å. This figure was created using the program MAESTRO.374
Table 3.2. Estimated binding energies (EBE) and aromatase inhibitory
activities of flavanones 3.13-3.17.

Compd

R1

R2

R3

R4

EBE (kcal/mol)[a]

IC50 (µM)[b]

3.13
3.14
3.15
3.16
3.17

OH
OH
OH
H
H

OH
OH
OH
OH
H

H
OH
OCH3
H
H

H
OH
OH
H
H

−16.1
−17.3
−15.9
−16.9
−16.5

10 ± 0.1
5.3 ± 0.06
25 ± 0.4
10 ± 0.1
32 ± 0.3

[a] Binding energies were estimated on a model of the aromatase active site using
the GRID force field implemented in the GLUE docking software.
[b] Results shown are the mean ±SEM.

The anthocyanidin 3.18, cyanidin (Table 3.3), shares some structural
similarities with the most potent flavone and flavanone inhibitors tested,
namely a similar scaffold and hydroxyl groups at C5, C7, C3’ and C4’.
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However, the anti-aromatase activity is much lower (IC50=72 µM). Two
structural differences may explain this: the extended hydroxylations at
positions C3 and C5’, which agree with the decreased activity of compound
3.8 compared to the less hydroxylated compound 3.7, and the absence of a
4-oxo acceptor group.
Table 3.3. Estimated binding energies (EBE) and aromatase inhibitory
activities of cyanidin 3.18 and malvidin-3-O-glucoside 3.19.

Compd

R1

R2

R3

EBE (kcal/mol)[a]

IC50 (µM)[b]

3.18
3.19

OH
OGluc

OH
OCH3

OH
OCH3

−14.8
−11.6

72 ± 0.7
299 ± 3

[a] Binding energies were estimated on a model of the aromatase active site using
the GRID force field implemented in the GLUE docking software.
[b] Results shown are the mean ±SEM.

On the other hand, anthocyanin 3.19, malvidin-3-O-glucoside, failed to show
significant anti-aromatase activity in our assay conditions (Table 3.3). This
compound shares the 5,7,4’-trihydroxy and 3’-methoxy groups found in the
strongest flavone inhibitor tested, 3.5, but a glucose moiety at C3 might
impose a different alignment at the aromatase active site. In contrast,
oleuropein 3.25, a large glycosylated molecule, shows surprisingly strong
anti-aromatase activity (Table 3.5). Unlike malvidin-3-O-glucoside 3.19,
oleuropein 3.25 is a highly flexible molecule and may therefore align several
hydrogen bond donor and acceptor groups in favorable positions on the
aromatase active site.
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The coumarins studied showed greatly decreased anti-aromatase activity
(Table 3.4). Low molecular volumes and simple scaffolds may be
responsible for their poor interaction with the aromatase active site.
Table 3.4. Estimated binding energies (EBE) and aromatase inhibitory
activities of coumarins 3.20-3.23.

Compd

R1

R2

EBE (kcal/mol)[a]

IC50 (µM)

3.20

OH

OH

−11.4

NO[b]

3.21
3.22
3.23

OH
OCH3
OCH3

OCH3
OH
OCH3

−11.9
−12.7
−12.9

> 640
> 640
> 640

[a] Binding energies were estimated on a model of the aromatase active site using
the GRID force field implemented in the GLUE docking software.
[b] Inhibition was not observed at concentrations ≤640 µM.

Although not equipped with the flavone phenylchromanone scaffold, transresveratrol 3.24 (Table 3.5) has a simple hydrophobic skeleton with two
aromatic rings connected by an ethylene bridge, with hydroxyl groups at C3,
C5, and C4’, positions analogous to C5, C7, and C4’ of the flavonoid
inhibitors tested. Interestingly, trans-resveratrol is a good aromatase
inhibitor (IC50=13 µM) with potency similar to that of the related flavone 3.2.
This suggests that the lack of the 1-oxa and 4-oxo functionalities of the
flavone scaffold is well balanced by the three hydrogen bond donor/acceptor
groups with a good spatial disposition present in trans-resveratrol 3.24.

_____________________________________________________________
94

III. Anti-aromatase activity of natural polyphenols

Table 3.5. Estimated binding energies (EBE) and aromatase inhibitory
activities of trans-resveratrol (3.24) and oleuropein (3.25).

Compd

EBE (kcal/mol)[a]

IC50 (µM)[b]

3.24
3.25

−13.0
−16.5

13 ± 0.2
27 ± 2

[a] Binding energies were estimated on a model of the aromatase active site
using the GRID force field implemented in the GLUE docking software.
[b] Results are shown as the mean ±SEM.

3.3.2. 3D-QSAR with GRIND descriptors
The three-dimensional quantitative structure-activity relationships between
the anti-aromatase activity of the flavones in this study and their 3D
properties were analyzed using grid-independent descriptors.334 The
bioactive conformation of the flavones on the active site of aromatase is
unknown. Therefore, the minimum-energy conformation, obtained by a
conformational search described in detail in Section 3.5.4, was chosen as
representative. Although the quality of the model is critically dependent on
the 3D conformation chosen, the extended aromatic conjugation makes
these molecules rigid and therefore less prone to conformational changes.
GRIND descriptors are alignment-independent descriptors that represent
important non-bonding interactions in the recognition and binding to the
active site of a macromolecular target. A two-step procedure, described in
detail in Section 3.5.5, allowed the calculation of these descriptors from
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MIFs332 calculated with three chemical probes: DRY, O and N1. These
probes report the interaction between the molecules under study and a
hydrophobic group, a hydrogen bond acceptor and a hydrogen bond donor
group, respectively. The MIFs chosen represent important types of
interactions expected to guide the binding of flavones to the active site of
aromatase. Besides chemical complementarity, good shape fit between the
ligand and the protein is essential to binding. Therefore, the shape probe
(TIP)340 was used to search for highly convex regions of the molecules.
These regions interact most with the binding cavity. Therefore, 10
correlograms were obtained: four autocorrelograms (DRY-DRY, O-O,
N1-N1 and TIP-TIP) and six cross-correlograms (DRY-O, DRY-N1, DRYTIP, O-N1, O-TIP, and N1-TIP). Multivariate analysis with partial least
squares regression was used to correlate the calculated descriptors with the
activity, and the quality of the model was evaluated by the predictive
correlation coefficient (q2), obtained by LOO cross-validation or by a 3
random groups (3RG) procedure.
3D-QSAR studies usually require the calculation of hundreds of descriptors,
most of them not correlated with the activity. Therefore, the fractional
factorial design (FFD),341 a variable selection procedure implemented in
ALMOND333 v3.3, was performed, excluding variables that increase the
standard deviation of errors of prediction (SDEP). Variables decreasing the
SDEP or those with an unclear effect were retained.
Optimal predictive ability for the anti-aromatase 3D-QSAR model appears
with a model dimensionality of three latent variables (q2LOO=0.85 and
q23RG=0.53) when it is able to explain 98% of the anti-aromatase activity
variance (r2=0.98). The residuals are shown in Table 3.6, and a plot of the
predicted activity (LOO) versus the experimental activity is represented in
Figure 3.3. All compounds were predicted with good confidence.
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Table 3.6. LOO and 3RG cross-validation of the PLS 3D-QSAR regression
model.

Compd

pIC50 exptl[a]

pIC50 pred
(LOO)[b]

δ (LOO)[d]

pIC50 pred
(3RG)[c]

δ (3RG)[e]

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12

5.05
4.83
5.07
4.56
5.14
5.09
4.42
4.35
4.00
4.14
4.38
4.17

5.10
5.01
4.84
4.50
4.93
4.85
4.57
4.50
4.12
4.32
4.44
4.19

−0.05
−0.18
0.23
0.06
0.21
0.24
−0.15
−0.15
−0.12
−0.18
−0.06
−0.02

4.91
4.94
4.77
4.53
4.84
4.70
4.62
4.64
4.24
4.40
4.46
4.33

0.14
−0.11
0.30
0.03
0.30
0.39
−0.20
−0.29
−0.24
−0.26
−0.08
−0.16

[a] pIC50 determined experimentally.
[b] pIC50 predicted by LOO cross-validation.
[c] pIC50 predicted by 3 random groups (3RG) cross-validation.
[d] Residuals (pIC50 exptl - pIC50 pred) from LOO cross-validation.
[e] Residuals (pIC50 exptl - pIC50 pred) from 3RG cross-validation.

Figure 3.3. Plot of the predicted versus experimental pIC50 from the
optimal PLS model with three latent variables (q2LOO=0.85).
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Further understanding of the PLS model was pursued using the PLS
coefficients of the variables in study. Variables with large PLS coefficients
are important for the biological activity fitting, whereas those with small
coefficients are less important. Positive coefficients have a direct impact on
the biological activity (that is, the greater the interaction energy, the stronger
the inhibitor), whereas negative coefficients have an inverse impact. The
PLS coefficients are plotted in Figure 3.4 and the most influential variables
are indicated with an arrow. Interestingly, only a few variables have
coefficients of large absolute value and therefore have critical importance to
the model fitting. These arise from the O-O, O-N1, and O-TIP correlograms
(direct impact) and the N1-N1, DRY-O, O-N1, and N1-TIP correlograms
(inverse impact), and are interpreted in Table 3.7.

Figure 3.4. PLS coefficients plot of the GRIND variables used in the model.
Correlograms are separated by dotted lines and the pairs of probes are defined at
the bottom. The most relevant variables are indicated by the variable number with
an arrow.
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Table 3.7. Relevant variables with strong impact on the GRIND PLS model
with three latent variables.

Probe
pair

Variable
number

Impact

Coeff.

O-O

OO-9

Direct

0.25

Interaction of the groups at C5
and C7 (ring A) with the probe O

−0.14

Interaction of the 4-oxo group
(ring C) and the group at C4’
(ring B) with the probe N1

−0.19

Interaction of the group at C3’
(ring B) with the probe O and
hydrophobic properties of ring C

0.20

Interaction of the group at C7
(ring A) with the probe O and the
group at C4’ (ring B) with the
probe N1

−0.20

Interaction of the group at C3’
and C4’ (ring B) with the probe
O and the 4-oxo group (ring C)
with the probe N1

N1-N1

DRY-O

O-N1

O-N1

O-TIP

N1-TIP

NN-38

DO-8

ON-43

ON-35

OT-14

NT-43

Inverse

Inverse

Direct

Inverse

Direct

Inverse

Interpretation[a]

Interaction of the group at C4’
0.24
(ring B) with the probe O and
shape of the group at C3’ (ring B)

−0.17

Interaction of the group at C4’
(ring B) with the probe N1 and
shape of the ring A

[a] Ring identification and numbering are defined in Table 3.1.
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3.3.3. Virtual receptor site derivation
Because GRIND variables are the energy product of MIF pairs of grid
points, tracing back the original grid nodes around the molecules under
study gives information about essential pharmacophoric groups. Maximum
auto and cross-covariance334 energy products and grid-filtered MIFs are
shown in Figure 3.5 for correlograms O-O, O-N1, and O-TIP obtained with
the most active flavone 3.5 and flavone 3.12, a weak inhibitor. The three
most relevant variables with direct impact on biological activity (OO-9,
ON-43 and OT-14) are indicated with an arrow in the MACC2 profile and the
pairs of points connected by a line in the filtered MIFs. As expected, these
most relevant variables have higher values for the potent inhibitor, the
5,7,4’-trihydroxy-3’-methoxyflavone 3.5, and lower values or even none for
flavone 3.12. This is explained by the lack of hydrogen bond donors and
protruding groups in compound 3.12. Contrarily, appropriate substitutions in
compound 3.5 optimally place chemical functions that are able to increase
the interaction energy products and therefore these are recognized by the
model as important structural features.
On the other hand, variables with a strong negative impact on the biological
activity are increased for the weaker inhibitors found (for example,
molecules 3.9 and 3.10). These refer mostly to pairs of points between ring
B (interaction of hydrogen bond donors/acceptors with groups at positions
C3’ and C4’) and ring C (Table 3.7), which suggests that in the absence of
hydroxylations on ring A (positions C5 and C7), the structure-activity
relationships of ring B are different, favoring more hydrophobic groups
(IC50: 3.9>3.10>3.11).
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Figure

3.5.

MACC2

interaction

energy

product

and

graphical

representation of the three most relevant GRIND variables with direct
impact

obtained

for

the

most

active

flavone,

5,7,4’-trihydroxy-3’-

methoxyflavone (compound 3.5, left), and flavone 3.12 (right), a moderate
aromatase inhibitor. Arrows point to the most important variables OO-9,
ON-43 and OT-14 in the MACC2 correlograms, and respectively
correspond to the pairs of grid nodes O-O, O-N1 and O-TIP linked in the
filtered MIFs shown. Molecules are shown (O, red; C, gray; H, white) at the
minimum-energy conformation. The filtered MIFs are shown in colored
contour (O probe, red; N1 probe, blue; shape probe, green). This figure
was created using the program ALMOND.333

GRID probes use the GRID force field to calculate the interaction energy,
which is the sum of several binding contributions, namely van der Waals
interactions (ELJ) given by the Lennard-Jones potential, electrostatic
interactions (EEL) given by the coulomb potential and hydrogen bond
interactions given by a distance-, angle- and charge-dependent function
(EHB). The entropy decrease due to the freezing of degrees of freedom
during the binding to the receptor is also considered with an entropic energy
function (Eentropy).
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EGRID = ELJ + EEL + EHB + Eentropy
Therefore, GRIND descriptors are based on the idea of a virtual receptor
site with which the inhibitors interact. When the three selected variables with
direct impact on the biological activity (OO-9, ON-43 and OT-14) were
applied to the most active flavone 3.5, a virtual receptor site was obtained
(Figure 3.6). Two hydrogen bond acceptor regions are expected to be
located in the vicinity of C5 and C7 of the flavone ring A. Hydrogen bonding
with these hydroxyl groups explains the increased activities of flavones 3.1,
3.3 and 3.5. Position C4’ on ring B is expected to lie close to a hydrogen
bond donor/acceptor region. Furthermore, favorable steric and van der
Waals interactions (good shape complementarity at the active site cavity)
between the substitution at C3’ (ring B) and the enzyme are also
responsible for an increase in activity. In this virtual receptor model,
hydrophobicity is important because of the apolar nature of the flavonoid
scaffold and one hydrogen bond donor region was also considered, close to
the 4-oxo group.

3.3.4. Comparison with an aromatase homology model
Knowledge of the 3D structure of a target protein is important to understand
its mechanism of action and inhibition. Unique information can be extracted
from the atomic detail of the binding site and used in the identification of key
interactions between the protein and the ligand.
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Figure 3.6. Virtual receptor site obtained when the most relevant
descriptors with direct impact on the biological activity are coded into
pharmacophoric regions around the strongest flavone tested, 3.5. Two
hydrogen bond acceptor regions (HBA-1 and HBA-2), a mixed hydrogen
bond donor/acceptor region (HBD-HBA) and one cavity edge (TIP) were
found. One additional large hydrophobic region (DRY) is responsible for
the anchor of the flavone scaffold and one hydrogen bond donor (HBD)
stabilizes the binding to the active site through hydrogen bonding with the
4-oxo group. The flavone is shown (O, black; C, gray; H, white) at the
minimum-energy conformation. The pharmacophoric regions are linked by
an arrow showing the GRIND variable number. This figure was created
using the program ALMOND.333

Several cytochrome P450 enzymes have already been crystallized. Despite
the low sequence identity (10-30%) between members of different P450
families, they all share the same overall topology and secondary structure
elements.141 Furthermore, the internal heme binding pocket cavity shows a
high percentage of sequence identity. Homology models have therefore
been proposed for a variety of cytochrome P450 binding sites, including
aromatase, based on the known structures. One of these models was
proposed by Favia et al.140 (PDB code 1TQA from the theoretical model
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section) using the human cytochrome P450 2C9 as template.137 This model
was used in the current study to predict possible binding modes for the
compounds under evaluation by using MIFs calculated within the active site
with appropriate probes, and the results obtained were compared with the
3D-QSAR virtual receptor site. DRY (hydrophobic) and OH (aromatic
hydroxyl group) probes were initially computed. As expected, the active site
cavity of the aromatase model is extremely hydrophobic owing to a large
number of residues with apolar side chains, such as Leu 120, Ile 133, Phe
134, Leu 227, Ile 305, Val 373, Met 374 and Leu 477, shown in Figure 3.7.
The probe DRY interacts with these residues, defining a hydrophobic
contour represented in Figure 3.7 that is large enough to accommodate the
inhibitors in study and place them close to the heme group, thus competing
with the substrate for the active site of the enzyme. The OH probe accounts
for hydrophilic portions of the active site that are prone to form hydrogen
bonds with the ligands. This probe reveals several hydrophilic regions in the
aromatase active site, three of which contour the hydrophobic plane
obtained with the DRY probe with a spatial disposition similar to the virtual
receptor model previously described (Figure 3.7). Contributions to these
hydrophilic regions arise from backbone peptide bonds: the Ser 118 amide
nitrogen atom and the Phe 116 and Met 374 carbonyl oxygen atoms (zone
1); the Tyr 244 hydroxyl group, the Asp 222 carboxylate and the Ala 226
carbonyl oxygen atom (zone 2); and finally, the Thr 310 hydroxyl group, the
Ile 305 and the Ala 306 carbonyl oxygen atoms, and the heme iron (zone 3).

3.3.5. Docking calculations
The similarities between the 3D-QSAR virtual receptor site and the
hydrophobic/hydrophilic regions inside the active site prompted us to search
for possible binding modes for the aromatase inhibitors studied. GLUE333 is
a docking software that uses the GRID MIFs to generate binding poses for
the ligands, and the GRID force field to calculate the respective binding
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energy. The aromatase binding cavity was initially explored with eight GRID
probes that represent the most important non-bonded binding interactions
(see Section 3.5.8 for further details). The MIFs local energy minima
calculated with the probes DRY, N1, O, O::, N+ and OH represent favorable
interaction points between the probes and the protein and correspond to
pharmacophoric locations where similar groups of a ligand might be placed.

Figure 3.7. MIF isosurfaces obtained with the probe DRY (left) and OH
(right) on the homology model of the aromatase active site.140 The protein
is shown in ribbons with the residues responsible for the interactions
labeled with residue name and number; the heme group appears at the
bottom (C, cyan; O, red; N, blue; S, yellow; Fe, green). The DRY
(hydrophobic) MIF is represented in brown at an energy level of
−0.4 kcal/mol and the OH (aromatic hydroxyl group) MIF is represented in
blue at an energy level of −7.0 kcal/mol. The three hydrophilic zones are
numbered from 1 to 3. This figure was created using the program VMD.117

A set of these active site points was recorded for each probe and together
combined in a large number of pharmacophoric quadruplets. The large
number of possible pharmacophoric alignments in the binding site was then
confronted with the inhibitors under study, and only similar pharmacophoric
quadruplets found in the molecules were accepted. The conformational
flexibility of the ligands was taken into account as described in Section
3.5.8.
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The estimated binding energy (EBE) of each best pose in the active site is
shown in Tables 3.1-3.5. These results show that the docking program was
able to discriminate between active and inactive compounds with good
qualitative correlation between EBE and experimental activity, scoring
coumarins 3.20, 3.21, 3.22, 3.23, and malvidin-3-O-glucoside 3.19, weak
AIs, with less-favorable binding energies.
Best-docked poses (that is, minimal EBE found) were further analyzed.
Active site bound conformations found for flavone 3.5 (Figure 3.8),
malvidin-3-O-glucoside 3.19 (Figure 3.10), oleuropein 3.25 (Figure 3.11),
coumarin 3.20 (Figure 3.13) and trans-resveratrol 3.24 (Figure 3.11) are
represented.
The most active flavone 3.5 fits the active site cavity with the apolar scaffold
in the hydrophobic core (Figure 3.8, left side). This apolar region extends
across the whole skeleton of the molecule and is relatively planar. A bulky
residue (Phe 134) close to ring B of the flavone imposes planarity for this
type of aromatase inhibitors (Figure 3.8, right side). In agreement with the
virtual receptor site, the three hydrophilic zones are occupied by the 4-oxo
and hydroxyl groups. The C4’ hydroxyl group lies close to the hydrophilic
zone 3 on the vicinity of the heme group, establishing a hydrogen bond with
the hydroxyl group of Thr 310. The 4-oxo and the C5 hydroxy functions are
located close to zone 1. The C5 hydroxy accepts a hydrogen bond from the
amide N atom of Ser 118, and the C7 hydroxyl group lies close to zone 2,
hydrogen bonding Ala 226. Also consistent with the 3D-QSAR model, the
presence of a C3’ methoxyl group allows better shape complementary
between the flavonoid and Val 373, filling a small hydrophobic cavity. Other
flavones and flavanones share similar docking conformations. Particularly
interesting

is

the

anti-aromatase

activity

of

7-hydroxyflavone

3.6

(IC50=8.2 µM), the least functionalized strong inhibitor. Despite having only
one hydroxyl group, this flavone places one hydrogen bond acceptor, the
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4-oxo group, in one hydrophilic region and one hydrogen bond
donor/acceptor, the C7 OH group, in another, and therefore retains most of
the aromatase inhibitory potency.

Figure 3.8. Docked pose of 5,7,4’-trihydroxy-3’-methoxyflavone 3.5. MIF
isosurfaces for the probes DRY (hydrophobic) and OH (aromatic hydroxyl
group) are shown at an energy level of −0.4 kcal/mol (brown) and
−7.0 kcal/mol (blue), respectively. Val 373 is displayed on the left, and
dashed lines are drawn between the molecule and the residues involved in
hydrogen bonding. Phe 134 is displayed on the right. This figure was
created using the program VMD.117

Cyanidin 3.18 and malvidin-3-O-glucoside 3.19 form quinoidal bases at pH
7.5 due to double bond conjugation (Figure 3.9) and hydroxyl groups at
positions C5, C7, and C4’.379;380 Therefore, the three different resonance
forms were conformationally analyzed and docked. Docking results with
malvidin-3-O-glucoside 3.19 agree with the experimental data, as the EBE
obtained is higher than the most active compounds. Detailed analysis of the
EBE contributions revealed a large steric penalty due to close contacts
between the molecule and active site residues, namely Phe 134, Val 373,
Met 374 and Leu 477 (Figure 3.10). These contacts are related to the low
flexibility of this molecule and the presence of two bulky groups, a
dimethoxy hydroxyphenyl group and a glucose moiety, linked at adjacent
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positions. This Y-shaped rigid structure does not fit well in the active core of
the enzyme.

Figure 3.9. Structural transformations of anthocyanins in acidic aqueous
solution. The flavylium cation (AH+; red) undergoes deprotonation to give
the quinoidal bases (A; blue-violet) or hydration to give the carbinol
pseudobase (B; uncolored). Tautomerism is responsible for the conversion
of the latter in chalcone (C; uncolored). R1= glycosyl and R2 = R3 = OCH3
for malvidin-3-O-glucoside and R1 = R2 = R3 = OH for cyanidin. This figure
was adapted from literature.380
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Figure 3.10. Docked pose of the malvidin-3-O-glucoside 3.19. MIF
isosurfaces for the probes DRY (hydrophobic) and OH (aromatic hydroxyl
group) are shown at an energy level of −0.4 kcal/mol (brown) and
−7.0 kcal/mol (blue), respectively. Red arrows sign steric clashes with
active site residues. This figure was created using the program VMD.117

Despite the large molecular volume of oleuropein 3.25, several rotatable
bonds connecting the phenol moiety to the heterocyclic ring are determinant
to a good fit within the aromatase active site. The docked molecule reveals
that the glucose lies at the bottom of hydrophilic zone 3, close to the heme
group, which allows anchoring of the phenol moiety at the top of the same
area (Figure 3.11, left side). The two remaining hydrophilic areas are
occupied by carboxyl groups. Therefore, superimposition of oleuropein 3.25
with 5,7,4’-trihydroxy-3’-methoxyflavone 3.5 in the active site conformation
predicted with GLUE333 makes it clear that although apparently different,
these two molecules share structural and pharmacophoric features
(Figure 3.12). The heterocyclic carboxyl group lies in an intermediate
position between the flavone 4-oxo and the C5 hydroxyl groups. The
carboxyl group in the phenol heterocyclic linker lies close to the flavone C7
hydroxyl group, and both the sugar and the phenol point in the same
direction of the flavone ring B. The length of both molecules is very similar
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and the hydrophobic scaffolds are well overlapped. Different binding modes
of the flexible molecule 3.25 could also be hypothesized in which a dynamic
fitting of the substrate and the receptor lead to conformational changes that
eventually determine a complex in which the sugar moiety is exposed to the
solvent.

P450

enzymes

have

actually

been

shown

to

undergo

conformational changes upon substrate binding, characterized by the
opening of solvent access channels.381;382 Moving the hydrophilic glucose
moiety to a different orientation might determine a different energetically
favorable binding configuration represented by an open conformation with a
solvent-exposed sugar moiety. This hypothesis cannot be ruled out at this
stage of calculations. It should be confirmed, however, with the use of
molecular dynamics simulations allowing the full flexibility of the whole
system, which were outside of the scopes of this work.

Figure 3.11. Docked pose of oleuropein (compound 3.25, left) and transresveratrol (compound 3.24, right). MIF isosurfaces for the probes DRY
(hydrophobic) and OH (aromatic hydroxyl group) are shown at an energy
level of −0.4 kcal/mol (brown) and −7.0 kcal/mol (blue), respectively. This
figure was created using the program VMD.117
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Figure

3.12.

Predicted

superimposition

of

5,7,4’-trihydroxy-3’-

methoxyflavone (compound 3.5, dark-gray C atoms) and oleuropein
(compound 3.25, white C atoms) in the active site of the aromatase model.
Oxygen atoms are represented in black. This figure was created using the
program VMD.117

6,7-Dihydroxycoumarin 3.20 (Figure 3.13) aligns well in the same
hydrophobic region as the other polyphenolic compounds. However, this
short scaffold fails to put all hydroxyl groups in the vicinity of the hydrophilic
areas. Together with the decreased hydrophobicity, this explains the
experimentally observed low anti-aromatase potency and the higher EBE.
trans-Resveratrol 3.24, a strong AI, had an unfavorable EBE compared to
the other active molecules. Because this molecule docks within the active
site, perfectly aligned with the hydrophobic region, with three hydroxyl
groups oriented toward polar regions (Figure 3.11, right side), the EBE
value is related to the lower hydrophobicity of the stilbene scaffold and the
absence of the 4-oxo group. However, this is well balanced by a perfect
planar conformation and a good disposition of the phenyl and hydroxyl
groups, increasing the strength of the interaction. Superimposition of
resveratrol 3.24 and the strongest flavone inhibitor 3.5 in the active site
docked conformation shows a good pharmacophoric alignment between
these two molecules (Figure 3.14). This simple molecule therefore gives
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important information about the molecular determinants for the binding of
polyphenolic inhibitors to the aromatase active site.

Figure 3.13. Docked pose of the 6,7-dihydroxycoumarin 3.20. MIF
isosurfaces for the probes DRY (hydrophobic) and OH (aromatic hydroxyl
group) are shown at an energy level of −0.4 kcal/mol (brown) and
−7.0 kcal/mol (blue), respectively. This figure was created using the
program VMD.117

Figure

3.14.

Predicted

superimposition

of

5,7,4’-trihydroxy-3’-

methoxyflavone (compound 3.5, dark-gray C atoms) and trans-resveratrol
(compound 3.24, white C atoms) in the active site of the aromatase model.
Oxygen atoms are represented in black. This figure was created using the
program VMD.117
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In summary, the anti-aromatase activity of a set of natural polyphenolic
compounds was rationalized through the combination of experimental data
and molecular modelling. In the absence of an experimental 3D structure of
the enzyme, a virtual receptor site was defined and validated. The binding
site cavity of the enzyme is expected to be strongly hydrophobic. Three
hydrophilic regions were predicted based on the models and linked to the
presence of the hydroxyl functions at C5, C7 and C4’ found in the strongest
inhibitors tested. The C3’ position was shown to be tolerant of bulky
substituents, protruding towards a pocket near the active site. Docking of
the compounds into a 3D structure of aromatase based on homology
modelling is positively consistent with the results reported above. The
docking experiments were able to distinguish between active and inactive
molecules, and could define a common binding mode for all compounds in
the study.

3.4. Conclusions
In the study reported herein, the anti-aromatase potency of a set of 25
polyphenols was tested. Strong inhibitors, compounds 3.1, 3.3, 3.5, 3.6,
3.13, 3.14, and 3.16, with equal or better activity than the reference
compound, aminoglutethimide (IC50=10 μM), were identified. All these
molecules are flavone or flavanone derivatives, which confirms the potential
of natural polyphenols for lead optimization into strong aromatase inhibitors.
Flavone hydroxylation at position C7 of ring A proved to be determinant for
good anti-aromatase potency, as well as the double hydroxylation at C5 and
C7. Further improvement by C4’ hydroxylation and either C3’ hydroxylation
or methoxylation on ring B, as with compounds 3.3 and 3.5, was observed.
Flavanones gave results in good agreement with the rules described above
and led to the identification of compound 3.14, the best aromatase inhibitor
studied.
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The 3D-QSAR study performed with the subset of flavones explained the
variance of the data and showed a good predictive ability, even with the use
of a less conservative cross-validation procedure with three random groups.
The use of GRIND334 descriptors calculated with the GRID force field and
extracted from relevant MIFs (hydrophobicity, hydrogen bonding and
molecular shape) was a valid strategy to characterize a virtual receptor site
and gain further insight into the molecular environment surrounding
polyphenol inhibitors on the aromatase active site. Variables with a direct
high impact on the inhibitory activity (Figure 3.4) defined a putative virtual
receptor site (Figure 3.6): two hydrogen bond acceptor regions are
expected to be close to C5 and C7 of flavone ring A, and a hydrogen bond
donor/acceptor area close to C4’ of ring B. C3’ was found to be permissive
to bulky substitutions, allowing good shape complementarity with the active
site. A hydrophobic scaffold is common to all flavones and a 4-oxo group
should also be important for binding.
Analysis of an aromatase homology model with molecular interaction probes
that account for hydrophobicity and hydrogen bonding agreed with the
virtual receptor site and showed a large hydrophobic region within the active
site surrounded by three hydrogen bond donor/acceptor regions (Figure
3.7). Docking calculations with the GLUE333 software aligned the inhibitors
under study on the hydrophobic plane, with polar groups correctly oriented
to the hydrophilic areas (Figure 3.8). Therefore, hydroxylations at C5, C7
and C4’ strengthens the affinity for the active site and increases the antiaromatase potency. The binding cavity is large enough to accommodate
most of the compounds studied without steric clashes, and it was found that
Val 373 might be responsible for a better shape complementarity between
bulky substitutions at flavone C3’ and aromatase.
The higher EBE calculated for coumarins agreed with their weak antiaromatase potency, and the docked poses confirmed that the benzopyrone
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hydrophobic scaffold is too short for a strong interaction with the active site
of the enzyme (Figure 3.13). Extension of this scaffold with apolar groups
might increase the hydrophobicity and lead to strong AIs, as shown
recently.265
The simple and conformationally restrained trans-resveratrol 3.24 was
another strong AI tested (IC50=13 µM). Despite the absence of the 4-oxo
group found in flavones and flavanones, the two aromatic rings and the
three hydrogen bond donor/acceptor groups agreed with the virtual receptor
site and the MIFs calculated on the active site model (Figure 3.11, right
side), leading to an increase in binding strength to aromatase.
Herein we found that oleuropein 3.25, the major polyphenolic constituent of
olive oil is a good aromatase inhibitor,223 with an IC50 value of 27 µM. This
strong

inhibitory

potency

was

rationalized

based

on

a

proper

pharmacophoric superimposition with the best flavone inhibitor tested
(compound 3.5, Figure 3.12). A good fit was found within the
hydrophilic/hydrophobic regions of the aromatase active site without steric
clashes. The flexibility introduced by the ethyl acetate chain that connects
the catechol to the glycosylated heterocyclic moiety is determinant for the
adoption of an U-shaped conformation that fits well within the active site
(Figure 3.11, left side). In contrast, the strong conformational barriers of
malvidin-3-O-glucoside 3.19 do not allow a suitable conformation. Our
docking protocol, with an extensive conformational search of flexible
molecules and the use of adequate MIFs calculated with GLUE,333 is
therefore a valid method to perform docking and molecular superimposition
at the active site of a macromolecular target.
In conclusion, we have described a new methodology that combines
biochemical evaluation, 3D-QSAR with alignment-independent descriptors
and screening for energetically favorable binding sites for the rationalization
of the anti-aromatase activity of a set of diverse natural polyphenolic
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compounds. Starting from experimentally determined inhibitory profiles, our
approach provided novel insights into the chemical and steric environment
within the active site of aromatase and on the essential determinants for
binding of polyphenolic inhibitors. Based on this information, a virtual
receptor site was built, and a possible common binding mode was
proposed. This was further corroborated by comparison with the results of
docking experiments into a 3D homology model of aromatase. The good
agreement between experimental and predicted activity, and between the
properties of the virtual receptor model and the 3D homology model
suggests that this approach could be extended to other cases for which the
structure of the receptor is unknown. The virtual receptor site model might
be used to perform 3D database searching and molecular design of new
strong aromatase inhibitors.

3.5. Materials and methods
3.5.1. Materials and general methods.
See Section 2.5.1.
7-Hydroxyflavone,

5,7,4’-trihydroxy-3’-methoxyflavone,

flavone,

3’,4’-dihydroxyflavone,

flavanone,

7-hydroxyflavanone,

5,7,4’-trihydroxy-

5,7,3’-trihydroxy-4’-methoxyflavone,
5,7-dihydroxyflavanone,

5,7,3’,4’-tetra-

hydroxyflavanone, 5,7,4’-trihydroxy-3’-methoxyflavanone, cyanidin chloride,
resveratrol and oleuropein were purchased from Extrasynthese (Genay,
France). Flavone, 5,7-dihydroxyflavone, 7,3’,4’-trihydroxyflavone, 5,7,3’,4’tetrahydroxyflavone, 7,3’,4’,5’-tetrahydroxyflavone, 4’-hydroxy-3’-methoxyflavone,
coumarin,

3’,4’-dimethoxyflavone,

6,7-dimethoxycoumarin,

7-hydroxy-6-methoxycoumarin

and

6,7-dihydroxy-

6-hydroxy-7-methoxy-

coumarin were purchased from Indofine Chemical (Hillsborough, NJ, USA).
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Malvidin-3-O-glucoside

was

obtained

from

Polyphenols

(Hanaveien,

Norway).

3.5.2. Enzymatic preparation
See Section 2.5.2.

3.5.3. Concentration-response study
See Section 2.5.3.
Incubations were performed at 37 ºC in a medium containing 67 mM sodium
phosphate, pH 7.5, [1β-3H]-androstenedione (6.6×105 dpm / 24 nM) and 270
µM NADPH. The potential inhibitors were dissolved in DMSO and added to
the assay in at least 8 concentrations ranging from 316.2 nM to 640 µM.

3.5.4. Conformational search and geometry optimization
Three-dimensional models of the compounds in study were constructed and
optimized as described in Section 2.5.5, using the MMFF314 and a
water-generalized Born equation/surface area continuum solvation.319
30000 conformations were generated during the conformational analysis of
malvidin-3-O-glucoside 3.19 and oleuropein 3.25. A maximum of 3000
conformations were generated for all other compounds.

3.5.5. 3D-QSAR using ALMOND
GRIND descriptors334 were calculated with ALMOND333 v3.3 using MIFs332
computed with the chemical probes DRY (hydrophobic probe), O (hydrogen
bond acceptor interactions) and N1 (hydrogen bond donor interactions), and
the molecular shape probe TIP,340 with the grid spacing set to 0.5 Å. These
descriptors encode geometrical relationships between pairs of non-bonded
interactions, therefore, to represent only the highly favorable interactions,
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one initial filtering step was performed, and 100 low-energy interaction
points, separated from each other as much as possible, were extracted from
each MIF. To this step, the relative importance of the field values was set to
50, and all other settings were set to default. Finally, the filtered MIFs were
encoded into GRIND variables through a maximum auto and crosscovariance transformation performed with the width of the smoothing
window set to 0.8. These variables represent the product of MIF energy
node pairs separated by a certain distance around each molecule.

3.5.6. Statistical analysis
PLS was used to derive the 3D-QSAR model with the statistical tools
included in ALMOND. No scaling was applied to the variables. The optimal
dimensionality of the model was selected by cross-validation using either
LOO or 3RG, recalculating the weights in both cases. The random groups
validation was repeated 200 times to get a stable predictive correlation
coefficient.

The

fractional

factorial

design,341

a

variable

selection

methodology implemented in ALMOND, allowed the removal of descriptors
not correlated with activity, introducing only noise to the model. Uncertain
variables were kept. The FFD was forced to “fold over”, and the
combinations/variables ratio was set to 5 in order to better estimate the
effect of each variable in the model predictive ability. The model noise level
was evaluated by 20% of “dummy variables”.

3.5.7. Active site MIF calculations
GREATER, the graphical user interface for the GRID v22a package of
programs,333 was used to calculate MIFs with the probes DRY (hydrophobic)
and OH (aromatic hydroxyl group) on the active site of a homology model of
aromatase (PDB entry 1TQA from the theoretical model section).140 The
protein was considered rigid and a grid box was built within the active site,
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including the heme group and all interacting residues. This resulted in a
cubic box of 8000 Å3 (20 Å × 20 Å × 20 Å) centered at the aromatase
binding cavity and containing the heme group at the bottom. The MIFs were
calculated with the grid spacing set to 0.25 Å and the directive ALMD set
to 1.

3.5.8. Binding mode prediction
GLUE333 v1.0 is a docking program that uses the GRID MIFs to generate
ligand poses within the active site of a macromolecular target and the GRID
force field to calculate binding energies. The aromatase binding cavity was
initially explored with eight GRID probes that mimic most of the chemical
groups present in the ligands: H2O (recognizes hydrophilic regions and
evaluates competition with water molecules), DRY (recognizes hydrophobic
regions), H (evaluates the protein shape), N1 (hydrogen bond donor to
evaluate hydrogen bond acceptor groups), O (hydrogen bond acceptor to
evaluate hydrogen bond donor groups), O:: (partially charged carboxylate to
evaluate positively charged regions), N+ (positively charged nitrogen to
evaluate negatively charged regions) and O1 (donor/acceptor probe to
evaluate mixed groups). The MIFs obtained from the interaction of these
probes with the active site were calculated in the same cubic box as
described previously. Local energy minima extracted from the DRY, N1, O,
O::, N+ and O1 MIFs were combined into a large number of pharmacophoric
quadruplets. For this step the distance tolerance was set to 2.5 and the
cavity expansion was set to 5 in order to maximize the number of
combinations saved, available to the next steps. This large number of
possible alignments was then filtered through comparison with the inhibitors
in study, with the steric tolerance set to 1. When the number of rotatable
bonds was three or fewer, several conformers were generated. When
greater, a more refined conformational search was performed with
MACROMODEL376 v8.1, and conformations found within an energy window
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of 15 kJ/mol from the global minimum were submitted to GLUE.333 Both R
and S flavanone stereoisomers were considered and all cyanidin 3.18 and
malvidine-3-O-glucoside 3.19 equilibrium quinoidal bases were studied
independently (Figure 3.9). The filtered pharmacophoric quadruplets were
then docked within the active site of aromatase. Redundancy was avoided
with a minimum RMSD set to 2 Å, and a maximum of 2000 minimization
iterations were allowed in order to relax the ligands in the binding pocket.
The GLUE scoring function was then applied to the binding poses, with
contributions for steric repulsion, hydrogen bonding and hydrophobicity.
Top-ranked orientations were extracted and further analyzed.
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IV
Pharmacophore modelling, virtual screening
and biochemical evaluation of new potent
aromatase inhibitors

A fast and efficient ligand-based virtual screening
strategy for potent aromatase inhibitors is proposed in
this chapter. The procedure is based on pharmacophore
models of three distinct classes of CYP19 inhibitors,
namely

azol

non-steroid,

steroid

and

polyphenol

compounds. New potent aromatase inhibitors were
found by biochemical evaluation of the most promising
hits selected from the NCI database.

4.

Pharmacophore modelling, virtual screening and biochemical evaluation of new potent aromatase inhibitors

Marco A. C. Neves, Teresa C. P. Dinis, Giorgio Colombo, M. Luisa Sá e Melo.
Fast 3D-pharmacophore virtual screening of new potent non-steroid aromatase
inhibitors. Journal of Medicinal Chemistry, accepted (Nov 2008).
New potent non-steroid aromatase inhibitors, Provisional US Patent 39014/08.
Marco A. C. Neves, Teresa C. P. Dinis, Giorgio Colombo, M. Luisa Sá e Melo.
A ligand-based strategy to identify new aromatase inhibitors. Submitted.

IV. Virtual screening of new aromatase inhibitors

4.1. Abstract
Suppression of estrogen biosynthesis by aromatase inhibition is an effective
approach for the treatment of hormone sensitive breast cancer. Third
generation non-steroid aromatase inhibitors have shown important benefits
in recent clinical trials with postmenopausal women. Furthermore,
aromatase inhibition is also achieved with compounds structurally related to
either the substrate or the product of the enzyme catalysis. C6-Substituted
androstenedione derivatives and natural polyphenols, for example, are
potent aromatase inhibitors. In this study we have developed a new ligandbased strategy combining important pharmacophoric, shape and structural
features, according to the postulated aromatase binding mode, useful for
the virtual screening of new potent aromatase inhibitors. Small subsets of
promising drug candidates were identified from the large National Cancer
Institute database and their anti-aromatase activities were assessed on an
in vitro biochemical assay with aromatase extracted from human term
placenta. New potent aromatase inhibitors were discovered, active in the
low nanomolar range, and a common binding mode was proposed using a
homology model of the enzyme. Considering the lack of a crystal structure
for CYP19, this ligand-based method can be viewed as an important tool for
the virtual screening of new aromatase inhibitors.

4.2. Introduction
The low sequence identity between members of different P450 families
limits the use of the available aromatase homology models in structurebased virtual screening. An alternative strategy for the rational design of
new aromatase inhibitors relies on ligand-based virtual screening that can
be developed based on the vast information on strong aromatase inhibitors
published in the literature. Pharmacophore-based approaches have been
used for both steroid and non-steroid aromatase inhibitors, highlighting

_____________________________________________________________
123

Aromatase inhibitors in breast cancer

important physicochemical features and guiding the design of new potent
compounds.258;383-385 However, to date, only a few attempts to perform
virtual screening based on such models have been performed. Langer and
coworkers, for instance, have carried out a mixed qualitative and
quantitative approach for non-steroid aromatase inhibitors, using the
HipHop and HypoRefine algorithms of the Catalyst software.386 The final
pharmacophore model proposed by this group consisted of one aromatic
ring feature, one hydrophobic group, two hydrogen bond acceptors and one
excluded volume sphere. Two possible anti-aromatase candidates were
identified based on this approach, one of the compounds able to decrease
in 68% the activity of the enzyme at 36 µM and the other in 15% at the
same concentration.386
In the previous chapter we have underlined important pharmacophoric
features

to

the

anti-aromatase

activity

of

natural

polyphenols.

7-Hydroxyflavone proved to be a potent inhibitor and an interesting lead to
the design of new anti-aromatase compounds. This information was
summarized in the present work into a ligand-based strategy for fast in silico
screening of new aromatase inhibitors. A similar approach was applied to
compounds from structurally different classes of aromatase inhibitors, such
as non-steroid nitrogen-containing heterocyclic compounds and C6substituted androstenedione derivatives.
Starting

from

sets

of

potent

anti-aromatase

compounds,

new

pharmacophore models, recapitulating essential structural and functional
features linked to activity, were built. The models combined information
about the common pharmacophore features, binding to the aromatase
active site, steric restrictions and “drug-likeness” filters.
The large National Cancer Institute (NCI) compound database was
screened using this methodology and new potent aromatase inhibitors were
identified. Several compounds have in vitro activity comparable to second
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and third generation anti-aromatase agents. One of these was able to
inactivate the enzyme in a mechanism-based manner. The most active
molecules derived from the non-steroid set were docked on the active site of
an aromatase homology model and these results were compared with the
initial pharmacophore model. The similarities between one of the strong
CYP19 inhibitors and androstenedione were explored based on quantum
chemistry calculations.

4.3. Results and discussion
4.3.1. 3D-pharmacophore modelling
4.3.1.1. Pharmacophore model based on non-steroid inhibitors
Several non-steroid AIs have been used for the treatment of breast cancer
in postmenopausal women with clinical efficacy.6 Having progressed
through a pre-clinical development and clinical trials, these compounds are
expected to include information about strong anti-aromatase potency and
selectivity. In this model, we have built a training set with low energy
conformations of second and third generation AIs, namely, anastrozole,
letrozole, fadrozole and vorozole (Figure 4.1A) and used these molecules
to generate a common-features pharmacophore model with the HipHop387
algorithm of the Catalyst software.388 Briefly, the program evaluates
chemical features common to a set of active compounds and generates
hypotheses for their activity. These hypotheses are spatial dispositions of
pharmacophoric points, providing the compounds’ relative alignment in the
binding site of the enzyme. Each point accounts for an important chemical
feature such as hydrogen bond donors/acceptors, hydrophobic groups,
negative/positive

ionizable

groups

and

aromatic

groups.

Basic

physicochemical features of known anti-aromatase compounds include a
high degree of hydrophobicity and the potential to act as hydrogen bond
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acceptors.201 Therefore, hydrophobic (HYD) and hydrogen bond acceptor
(HBA) pharmacophoric features were used in this model. The program
found

six

possible

alignment

solutions

displaying

three

or

four

pharmacophoric points. The first two top ranked solutions, NAI-HYP1
(rank=31.9) and NAI-HYP2 (rank=29.8), had four features, two hydrophobic
groups and two hydrogen bond acceptors. Analysis of the training set
molecules aligned to these hypotheses revealed overlapping imidazole and
triazole groups in NAI-HYP2 but not in NAI-HYP1, with one nitrogen atom
acting as hydrogen bond acceptor (HBA1, Figure 4.1B). This property of
NAI-HYP2 reflects the binding mechanism found for this type of molecules,
which entails binding through heterocyclic aromatic coordination to the
heme iron of the P450 active site.195 Therefore NAI-HYP2 was chosen for
the subsequent steps. The second hydrogen bond acceptor feature (HBA2,
Figure 4.1B) matches either a cyano group (anastrozole, letrozole and
fadrozole) or the N2-atom of a methylbenzotriazole (vorozole), and the
hydrophobic features superimpose with phenyl rings of all the molecules
(HYD1, Figure 4.1B), a methyl group of anastrozole or the piperidine moiety
of fadrozole (HYD2, Figure 4.1B).
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Figure 4.1. A) Training set of azole non-steroid AIs used for the commonfeatures (HipHop) pharmacophore model generation. B) Common-features
(Catalyst/HipHop) pharmacophore model of azole non-steroid AIs. The
NAI-HYP2 pharmacophoric query had four features: two hydrogen bond
acceptors (HBA1 and HBA2, green) and two hydrophobic groups (HYD1
and HYD2, cyan). The training set AIs (anastrozole, red C atoms; letrozole,
yellow C atoms; fadrozole, green C atoms and vorozole, blue C atoms) are
represented at the best fit alignment to the model. This figure was created
using the program Catalyst.388

Pharmacophore models with a small number of points tend to be unspecific
and return a large number of hits when used to screen large databases. In
particular, hydrophobic and hydrogen bond acceptor features match a large
number of chemical groups increasing the number of false positives.
Therefore, in an attempt to increase the specificity of NAI-HYP2, the HBA1
feature was substituted with new fragment/function pharmacophoric
features: the C5-N-HBA and the C6-N-HBA features (Figure 4.2).
C5-N-HBA matches hydrogen bond acceptors only if present in certain
types of five-membered nitrogen-containing heterocyclic rings (imidazole,
1,2,4-triazole, 1,2,3-triazole and tetrazole), whereas C6-N-HBA matches
acceptors

from

six-membered

nitrogen-containing

heterocyclic

rings
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(pyridine,

pyridazine,

pyrimidine

and

pyrazine).

The

modified

pharmacophore model was designated NAI-HYP2-HBA.

Figure 4.2. C5-N-HBA and C6-N-HBA fragment/function pharmacophore
features. Imidazole, 1,2,4-triazole, 1,2,3-triazole and tetrazole rings were
combined into a single fragment feature using the centroids of the fivemembered ring moieties. Pyridine, pyridazine, pyrimidine and pyrazine
rings were combined into another fragment feature using the centroids of
the six-membered ring moieties. Possible anchoring points to the rest of
the molecule are represented with doted lines. The nitrogen atom distal to
these points defined a hydrogen bond acceptor and the projected point, the
position in space from which the participating hydrogen (or the heme iron)
will extend. These positions are connected by a vector which indicates the
direction from the heavy atom to the projected point of the hydrogen bond
(C, black; N, blue; H, white). This figure was created using the program
388

Catalyst.
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Cytochrome P450 enzymes have an inner binding pocket with well defined
volume, accessible from the outside by several channels.389 Therefore,
besides the physicochemical properties of the inhibitor, molecular shape is
expected to be extremely important to the access and fit within the
aromatase active site. Most aromatase inhibitors used to build the commonfeatures model have a similar shape which is expected to be
complementary to the volume of the aromatase active site. The shape of
letrozole, a quite rigid third generation inhibitor with high degree of
symmetry, was therefore converted into a set of inclusion volumes and
combined with the pharmacophoric query.
Therefore,

the

final

pharmacophore

model

(NAI-HYP2-HBA+Shape)

combined pharmacophoric information (two hydrogen bond acceptors and
two hydrophobic groups) with fragment information (nitrogen-containing
aromatic heterocycles) and steric restrictions. All aromatase inhibitors used
on the training set matched the final hypothesis with best fit values ranging
from 2.98 to the maximum value of 4.00 (letrozole=4.00, vorozole=3.46,
anastrozole=3.40 and fadrozole=2.98).
To validate the new pharmacophore model, a test set with 82 non-steroid
AIs collected from the literature was built (Appendix A).202;203;219;258-260;390
Each molecule contained a five- or six-membered aromatic heterocyclic ring
able to coordinate with the aromatase heme iron. The initial pharmacophore
model (NAI-HYP2) returned 58 molecules (71% of the database, Table 4.1).
The pharmacophore modified to match acceptors from five- or sixmembered nitrogen-containing heterocyclic rings (NAI-HYP2-HBA) returned
40 molecules (49% of the database). Using the inclusion volumes (NAIHYP2-HBA+Shape) 26 molecules were retrieved (35% of the database).
The final sub-set was enriched with the most potent aromatase inhibitors.
These results demonstrate that the NAI-HYP2-HBA+Shape pharmacophore
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model is able to identify not only inhibitors from the training set, but also
potent non-steroid AIs with different structures.
Table 4.1. Screening results on a literature database202;203;219;258-260;390 with
non-steroid AIs (model validation).

Hypothesis

Literature database

NAI-HYP2
NAI-HYP2-HBA[a]
NAI-HYP2-HBA+Shape[b]
Post-processing filtering[c]

58
40
26
26

[a] Modified NAI-HYP2 to match acceptors from five- or six-membered nitrogencontaining heterocyclic rings.
[b] Letrozole was converted into a shape query and combined with the NAI-HYP2HBA hypothesis.
[c] Filters applied: Lipinski Rule of Five, rotatable bonds ≤ 7, PSA ≤ 150.

4.3.1.2. Pharmacophore model based on C6-substituted steroids
Androstenedione derivatives are among the most potent AIs found to date.
In particular, it has been postulated that n-alkyl and phenylaliphatic groups
linked at the position C6 increase the anti-aromatase activity due to the
presence of a hydrophobic cavity at the enzyme binding site. In this sense,
we have used a training set of potent C6-substituted androstenedione
derivatives

reported

in

the

literature169-172

(Figure

4.3A),

namely,

6β-ethylandrosta-1,4-diene-3,17-dione (4.1), 6-ethylandrosta-1,4,6-triene3,17-dione (4.2), 6-n-propylandrosta-1,4,6-triene-3,17-dione (4.3), 6-benzylandrosta-4,6-diene-3,17-dione (4.4), 6α-phenethylandrost-4-ene-3,17-dione
(4.5) and 6-phenethylandrosta-1,4,6-triene-3,17-dione (4.6), to derive a
common-features pharmacophore model using the HipHop387 algorithm of
the Catalyst software.388 For this type of compounds, hydrogen bond
acceptor groups and hydrophobic groups were used. Besides its strong
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potency, this training set of molecules was chosen in order to account for
the effect of different lengths, shapes and volumes of the hydrophobic
moiety at C6, as well as its stereochemistry in relation to the steroid
framework.
Ten different pharmacophore hypotheses were generated with 4 or 5
pharmacophore features and scores ranging from 54 to 66. The top ranked
solutions had two hydrogen bond acceptor groups and there hydrophobic
moieties, whereas less ranked solutions had only two acceptors and two
hydrophobic groups. Visual inspection of the training set molecules aligned
to the top ranked solution, SAI-HYP1 (Figure 4.3B), revealed that the
hydrogen bond acceptor groups matched the 3-oxo (HBA1) and the 17-oxo
(HBA2) groups. One of the hydrophobic features, HYD1, superimposes with
the 19-methyl and the A-B ring junction, HYD2 matches ring C and the
18-methyl, and the third apolar feature, HYD3, is related to the hydrophobic
moiety linked at C6. Due to the rigid nature of the steroid scaffold, most of
the common-feature solutions were very similar to the top ranked
pharmacophore model, with slight differences on the projection vectors of
HBA1 and HBA2 (the location of a hypothetical hydrogen bond donor) and
the location of HYD3. The top ranked solution was therefore selected for the
following steps.
Inclusion volumes based on the shape compound 4.5 were applied to
SAI-HYP1, and the steric tolerance was adjusted to allow good shape
complementarity with the training set molecules.
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Figure 4.3. A) Training set of C6-substituted steroid AIs169-172 used for the
common-features pharmacophore model generation. B) Common-features
pharmacophore model of C6-substituted steroid AIs.169-172 The SAI-HYP1
pharmacophoric query had five features: two hydrogen bond acceptors
(HBA1 and HBA2, green) and three hydrophobic groups (HYD1, HYD2 and
HYD3, cyan). The training set inhibitors (4.1, cyan C atoms, 4.2, brown C
atoms, 4.3, yellow C atoms, 4.4, blue C atoms, 4.5, green C atoms, 4.6,
purple C atoms) are represented at the best fit alignment to the model. This
figure was created using the program Catalyst.388

4.3.1.3. Pharmacophore model based on polyphenols
As discussed in the previous chapter, 7-hydroxyflavone, 3.6, (Figure 4.4A)
is a simple polyphenol with strong anti-aromatase properties and potential
for lead optimization. In this model we have used this molecule to build a
new

pharmacophore

hypothesis

(PAI-HYP)

combining

a

set

of

pharmacophoric features expected to account for important binding
determinants of this class of inhibitors. Two aromatic rings were included in
the pharmacophore model (Figure 4.4B), matching the ring B (AR1) and the
ring A (AR2), as well as one hydrogen bond acceptor to match the 4-oxo
group (HBA), one hydrogen bond donor for the 7-hydroxyl (HBD) and one
hydrophobic group located at the ring B (HYD). The model was validated
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using a test set of polyphenol AIs (Figure 4.4A), namely the 5,7-dihydroxyflavone

(3.1),

5,7,3’,4’-tetrahydroxyflavone

(3.3),

5,7,4’-trihydroxy-3’-

methoxyflavone (3.5), and the trans-resveratrol (3.24). All molecules were
identified as hits by the pharmacophore hypothesis (Figure 4.4B).
Inclusion volumes based on the shape of compound 3.6 were applied to
PAI-HYP, and the steric tolerance was adjusted to allow good shape
complementarily with the test set molecules.

Figure 4.4. A) Polyphenol AIs used for the pharmacophore model
generation and validation. B) Pharmacophore model of polyphenol AIs.
The PAI-HYP pharmacophoric query had five features: one hydrogen bond
acceptor (HBA, green), one hydrogen bond donor (HBD, purple), two
aromatic rings (AR1 and AR2, orange) and one hydrophobic group (HYD,
cyan). 7-Hydroxyflavone (3.6, red C atoms) and the training set inhibitors
(3.1, yellow C atoms, 3.3, cyan C atoms, 3.5, green C atoms, 3.24, blue C
atoms) are represented at the best fit alignment to the model. This figure
was created using the program Catalyst.388

_____________________________________________________________
133

Aromatase inhibitors in breast cancer

4.3.2. Virtual screening
4.3.2.1. Pharmacophore model based on non-steroid inhibitors
The NCI open chemical repository collection is a large library of synthetic
and natural compounds,391 with more than 290000 different structures. This
library has been used to screen, both in vitro and in vivo, for new anticancer and anti-viral agents, with the goal of identifying and evaluating
novel chemical leads and their underlying biological mechanisms of action.
The electronic version of the NCI repository (NCI database) was
downloaded

from

the

ZINC392;393

website

and

converted

into

a

multiconformer database using the catDB utility program of the Catalyst
software.388
One initial VS run performed on the NCI database, with NAI-HYP2 returned
more than 90000 molecules (Table 4.2). As expected, the reduced number
of pharmacophoric points failed to filter a large database for new aromatase
inhibitors. The modified pharmacophoric query (NAI-HYP2-HBA) returned
676 hits, less than 0.3% of the total number of molecules, and with the final
hypothesis (NAI-HYP2-HBA+Shape) 89 molecules were found, 0.03% of the
total number of molecules. Therefore, three different levels of filtering were
able to reduce a large database with thousands of molecules to a small subset of promising anti-aromatase candidates. Calculations took about 6
minutes (NAI-HYP2), 24 seconds (NAI-HYP2-HBA) and 50 seconds
(NAI-HYP2-HBA+Shape) to be completed on an Intel Pentium D 3.4GHz
processor.
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Table 4.2. NCI database screening results.

Hypothesis

NAI hits[a]

SAI hits[a]

PAI hits[a]

Initial HYP
Modified HBA[b]
HYP+Shape[c]
Post-processing filtering[d]
Visual inspeccion

91050
676
89
76
29

16212
2189
1462
19

17481
2578
1566
24

[a] Hits derived from the pharmacophore model based on azol non-steroid AIs
(NAI hits), steroid AIs (SAI hits) and polyphenols (PAI hits).
[b] Modified NAI-HYP2 to match acceptors from five- or six-membered nitrogencontaining heterocyclic rings.
[c] Letrozole, compound 4.5 and compound 3.6 were converted into shape
queries and combined with the initial hypotheses, NAI-HYP2-HBA, SAI-HYP1 and
PAI-HYP, respectively.
[d] Filters applied: Lipinski Rule of Five, PSA ≤ 150, rotatable bonds ≤ 7
(NAI-HYP2-HBA+Shape) or ≤ 8 (SAI-HYP1+Shape and PAI-HYP+Shape)

The 89 hits derived from the NCI database were superimposed with the
NAI-HYP2-HBA+Shape pharmacophore model and visually inspected.
Furthermore, a Lipinski Rule of Five394 filter was applied using the Instant
JChem software.395 The maximum number of rotatable bonds was set to
seven per molecule and the maximum polar surface area (PSA) was set to
150. Furthermore, compounds with ester groups were avoided due to
possible in vivo hydrolysis. 29 molecules were selected from the VS hits, 15
of these being available from the NCI open chemical repository collection to
perform biological evaluation (Figure 4.5).
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Figure 4.5. NCI database hits selected based on the NAI-HYP2HBA+Shape pharmacophore model.

Four different types of nitrogen-containing aromatic heterocycles were
retrieved as hits, namely imidazoles (compounds 4.7 - 4.12), one triazole
(compound 4.13), pyridines (compounds 4.14 - 4.19) and pyridazines
(compounds 4.20 and 4.21). The nitrogen-containing heterocycles are
linked to several types of hydrophobic molecular scaffolds such as
diphenylmethane (4.8, 4.9, 4.10 and 4.20), arylbenzylsulfane (4.7),
diphenylimidazole (4.19), pyridinylbenzoimidazole (4.18), phenylpyridine
(4.14), benzyl-1H-indol (4.11), acridine (4.15), phenyl/methylfuran (4.13)
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and quinoline (4.12), or in other cases, appears extended with another
phenyl ring, such as in two isoquinolines (4.16 and 4.17) and in one
phthalazine (4.21). As hydrogen bond acceptors, methoxyl groups (4.7,
4.13, 4.15 and 4.20), nitro groups (4.11, 4.17, 4.18 and 4.21), dioxol groups
(4.8, 4.9 and 4.10), hydroxyl groups (4.16 and 4.19), imidazole (4.12) and
pyridine (4.14) were found.
4.3.2.2. Pharmacophore model based on C6-substituted steroids
As expected, the initial VS run performed on the NCI database with
SAI-HYP1 returned a large number of hits (16212 hits, Table 4.2). More
efficient filtering was however possible with the introduction of inclusion
volumes, SAI-HYP1+Shape, yielding 2189 hits, 0.8% of the total number of
compounds in the database. Most of the molecules excluded are expected
to be false positives due to the presence of protruding groups that may
clash with aromatase binding site residues.
Furthermore, in order to increase the “drug-likeness” of the anti-aromatase
candidates, several filters were applied, namely a Lipinski Rule of Five
filter394 and filters based on the maximum number of rotatable bonds (not
more than 8) and polar surface area (not more than 150). This procedure
reduced the initial number of compounds to 1462 (0.5% of the NCI
database). The molecules were then superimposed with the pharmacophore
model and visually inspected, 19 of them being selected based on a good fit
to the pharmacophoric features. Of these, 10 were available from the NCI
database (Figure 4.6).
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Figure 4.6. NCI database hits selected based on the SAI-HYP1+Shape
pharmacophore model.

4.3.2.3. Pharmacophore model based on polyphenols
A virtual screening run performed on the NCI database with the
pharmacophore model based on polyphenol inhibitors, PAI-HYP, returned
17481 hits (Table 4.2). Using inclusion volumes, PAI-HYP+Shape, yielded
2578 hits, 0.9% of the total number of compounds in the database, 1566 of
these (0.5%) satisfying the “drug-likeness” rules (Lipinski Rule of Five, PSA
≤ 150, rotatable bonds ≤ 8). The molecules were then superimposed with
the pharmacophore model and visually inspected, 24 of them being selected
based on a good fit to the model. Of these, 11 were available from the NCI
database (Figure 4.7).
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Figure 4.7. NCI database hits selected based on the PAI-HYP+Shape
pharmacophore model.

4.3.3. Biochemical evaluation
Before performing the biochemical evaluation, the 36 hits derived from
pharmacophoric hypotheses based on non-steroid, steroid and polyphenol
inhibitors, were inspected on a large electronic collection of organic
chemistry (CrossFire Beilstein) using the MDL CrossFire Commander.396
Additional searches were performed using the PubChem Compound
database,397 a publicly available resource with chemical and biological
information of small molecules, including results from NCI anticancer drug
screenings. Literature database searches using ISI Web of Knowledge and
b-on were also performed.398;399 Of utmost importance was the finding that
none of them had been previously tested as aromatase inhibitor.
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4.3.3.1. Pharmacophore model based on non-steroid inhibitors
Aromatase inhibition was studied in vitro, in an enzymatic assay according
to Siiteri and Thompson373 using human placental microsomes as the
source of aromatase.372 The molecules were initially screened at 1 µM
concentration, followed by a full concentration–response study, allowing the
determination of the IC50 value (Table 4.3). Formestane (Table 2.1) and
letrozole (Table 4.3), second and third generation aromatase inhibitors were
used in the same assay conditions as a reference compounds.
Table 4.3. Aromatase inhibitory activity of the selected NCI hits based on
the NAI-HYP2-HBA+Shape pharmacophore model and letrozole.

Compd

NCI code

IC50 (µM)[a]

Ki (µM)[a,b]

4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
Letrozole

NSC289311
NSC368272
NSC368280
NSC369087
NSC625409
NSC666292
NSC356483
NSC598
NSC12999
NSC131735
NSC131736
NSC356781
NSC683634
NSC75308
NSC226644
-

0.025 ± 0.0002
0.025 ± 0.0002
0.0053 ± 0.00002
0.055 ± 0.0007
0.190 ± 0.002
0.096 ± 0.001
3.1 ± 0.03
47 ± 2
0.076 ± 0.001
30 ± 0.7
1.4 ± 0.01
2.1 ± 0.02
0.048 ± 0.0005
5.6 ± 0.1
38 ± 0.8
0.0061 ± 0.0001

0.0065 ± 0.0001
0.0056 ± 0.0001
0.0019 ± 0.00003
0.013 ± 0.0002
0.053 ± 0.0008
0.033 ± 0.004
0.026 ± 0.0003
0.015 ± 0.0003
0.0022 ± 0.00003

[a] Results shown are the mean ±SEM of three independent experiments.
[b] All compounds with reported Ki values were competitive inhibitors.

Interestingly, all molecules in study were able to inhibit the enzyme
aromatase with IC50 potencies ranging from micromolar to low nanomolar
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concentrations. Compound 4.9 (IC50=0.0053 µM) presented a better activity
than letrozole (IC50=0.0061 µM), whereas compounds 4.7 (IC50=0.025 µM),
4.8 (IC50=0.025 µM), 4.10 (IC50=0.055 µM), 4.15 (IC50=0.076 µM) and 4.19
(IC50=0.048 µM) had better potency than formestane (IC50=0.092 µM).
Kinetic analysis of the enzyme in the presence of the most potent inhibitors
was also performed (Table 4.3) and Lineweaver-Burk plots were recorded.
For all of them a mechanism of competitive inhibition was found and the Ki
values indicate that they have a greater affinity to the active site of the
enzyme than the natural substrate, androstenedione. Control experiments,
in the absence of the inhibitors in study allowed the determination of kinetic
constants, Michaelis-Menten constant (Km=0.092 μM) and maximum
velocity of catalysis (Vmax = 161 pmol of substrate/min/mg of protein).
4.3.3.2. Pharmacophore model based on C6-substituted steroids
The compounds selected based on the steroid pharmacophore model were
initially screened at 10 µM and 100 µM concentrations, followed by a full
concentration–response study for the IC50 calculation (Table 4.4).
Aminoglutethimide and formestane (Table 2.1), first and second generation
aromatase inhibitors, were also tested, in the same assay conditions, as
reference compounds.
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Table 4.4. Aromatase inhibitory activity of the selected NCI hits based on
the SAI-HYP1+Shape pharmacophore model.

Compd

NCI code

IC50 (µM)[a]

Inhibition at 100 µM

4.22
4.23
4.24
4.25
4.26
4.27
4.28
4.29
4.30
4.31

NSC76982
NSC93358
NSC94891
NSC122427
NSC136718
NSC302379
NSC383467
NSC613604
NSC688803
NSC692587

0.274 ± 0.004
9.8 ± 0.2
15 ± 0.1
126 ± 15
0.678 ± 0.007
176 ± 3
-

21%[b]
N.O.[c]
N.O.[c]
26%

[a] Results are shown as the mean ± SEM of three independent experiments.
[b] Inhibition at 30 µM.
[c] Inhibition was not observed at concentrations ≤ 100 µM.

Most of the selected compounds based on the SAI-HYP1+Shape
pharmacophore model showed anti-aromatase activity in the assay
conditions used (Table 4.4). Compounds 4.22, 4.28, 4.30 and 4.31 are
weak aromatase inhibitors with IC50 higher than 100 µM. Compounds 4.24
(IC50=9.8 µM) and 4.25 (IC50=15 µM), have anti-aromatase potencies
comparable

to

the

first

generation

AI

tested,

aminoglutethimide

(IC50=10 µM), and, more interestingly, compounds 4.23 and 4.29 have an
IC50 in the nanomolar range. Compound 4.23 (IC50=0.274 µM) is 36 times
more active than aminoglutethimide, and compound 4.29 (IC50=0.678 µM)
15 times more potent. However, these two molecules are less active than
formestane (IC50=0.092 µM), the second generation AI tested.
Kinetic analysis of the enzyme activity was also performed. The kinetic
constants, Michaelis-Menten constant (Km=0.094 µM) and maximum
velocity of catalysis (Vmax=164 pmol of substrate/min/mg of protein) were
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calculated under initial velocity conditions. The type of inhibition was
characterized using a Lineweaver-Burk plot. As expected, the most potent
AIs (compounds 4.23, Ki=0.266 µM, and 4.29, Ki=0.385 µM), inhibited the
enzyme in a competitive manner (Table 4.5).
Table 4.5. Enzyme kinetic parameters for compounds 4.23 and 4.29,
based on a kinetic and time-dependent inactivation procedure.

Compd

Ki (µM)[a]

Type of
inhibition[a]

KI (µM)[b]

kinact (min−1)[b]

4.23
4.29

0.266 ± 0.002
0.385 ± 0.008

Competitive
Competitive

N.O.c
21 ± 1

N.O.c
0.608 ± 0.044

[a] Apparent inhibition constants (Ki) were calculated by a nonlinear regression
analysis using the Michaelis-Menten equation, and the type of inhibition was
determined by a Lineweaver-Burk plot.
[b] KI and kinact were obtained by a Kitz-Wilson plot.
[c] Inactivation was not observed at concentrations ≤ 2 µM.

Compounds 4.23 and 4.29 were further tested for their ability to cause timedependent inactivation of aromatase. Compound 4.29, but not compound
4.23, was able to inactivate the enzyme in the presence of NADPH, with a
pseudo first order kinetics during the first 12 minutes of incubation
(Figure 4.8). Kitz-Wilson analysis of the results obtained,400 gave a kinact of
0.608 min−1 and KI of 21 µM. Since the Ki observed from the competition
kinetics is lower than the KI obtained from the inactivation experiments, this
suggests that the covalent binding of the inhibitor to the active site of the
enzyme is the rate-limiting step of the inactivation.
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Figure 4.8. Time- and concentration-dependent inactivation of human
placental aromatase by compound 4.29 in the presence of NADPH. The
concentrations of inhibitor used were 0 µM (■), 2.5 µM (▲), 5 µM (▼) and
7.5 µM (♦). A Kitz-Wilson plot of the same data is shown in the inset. Each
point represents the mean of three independent assays and the vertical
bars, the standard error of the mean.

On the other hand, substrate androstenedione in excess prevented
inactivation (Figure 4.9A), as well as not including NADPH in the medium
(Figure 4.9B). This suggests that the inhibitor acts at or near the active site
of aromatase, and, since NADPH was essential for the time-dependent
aromatase activity loss by compound 4.29, that the inhibitor transformation
into a reactive intermediate depends on enzyme catalysis. Furthermore, the
nucleophilic trapping agent L-cysteine did not prevent enzyme inactivation
to a significative extent (Figure 4.9C), suggesting a covalent bond formation
at the active site, between aromatase and the reactive electrophilic
intermediate, therefore preventing diffusion of the activated inhibitor to the
surrounding media.
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Figure 4.9. Effect of androstenedione (A), NADPH (B) and L-cysteine (C)
on the time-dependent inactivation of human placental aromatase by
compound 4.29. (A) 7.5 µM of androstenedione were incubated with (■) or
without (▲) 7.5 µM of inhibitor. Incubations of 7.5 µM of inhibitor without
androstenedione (▼) were also performed. (B) 7.5 µM of inhibitor were
incubated with (▲) or without (■) NADPH. (C) 0.5 mM of L-cysteine were
incubated with (■) or without (▲) 7.5 µM of inhibitor. Incubations of 7.5 µM
of inhibitor without L-cysteine (▼) were also performed. Each point
represents the mean of three independent assays and the vertical bars, the
standard error of the mean.

4.3.3.3. Pharmacophore model based on polyphenols
Although

all

selected

compounds

based

on

the

PAI-HYP+Shape

pharmacophore model had activity on the assay conditions used, most of
them were weak aromatase inhibitors with IC50 greater than 100 µM.
Compounds 4.32, 4.33 and 4.37 were the most potent aromatase inhibitors
identified, with IC50 ranging from 30 to 57 µM (Table 4.6). These results are
related to the lower anti-aromatase potency of the natural polyphenol
inhibitors used to build and validate the PAI-HYP+Shape model, when
compared to the potencies of the azole non-steroid aromatase inhibitors
used for the NAI-HYP2-HBA+Shape model and the androstenedione
derivatives

used

for

the

SAI-HYP1+Shape

pharmacophore

model.
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Polyphenols have an IC50 in the low micromolar range, whereas azole nonsteroid and steroids are active at nanomolar concentrations.
Table 4.6. Aromatase inhibitory activity of the selected NCI hits based on
the PAI-HYP+Shape pharmacophore model.

Compnd

NCI code

IC50 (µM)[a]

Inhibition at 100 µM

4.32
4.33
4.34
4.35
4.36
4.37
4.38
4.39
4.40
4.41
4.42

NSC84036
NSC97869
NSC337764
NSC339176
NSC342739
NSC365798
NSC375008
NSC653250
NSC661232
NSC665696
NSC666463

57 ± 3
48 ± 3
30 ± 8
180 ± 31
-

7%
9%
22%[b]
18%
27%
23%
15%

[a] Results are shown as the mean ±SEM of three independent experiments.
[b] Inhibition at 80 µM.

4.3.4. Docking into the active site of an aromatase homology
model
The most active compounds (4.7, 4.8, 4.9, 4.10, 4.11, 4.12, 4.15 and 4.19)
were docked with the GOLD docking software401 into the active site of an
aromatase homology model built by Favia et al.140 using the structure of
CYP2C9 as template.137 The distance between the coordinating nitrogen
and the heme iron was constrained to a value between 1.9 and 2.5 Å in
order to reproduce the binding mode found for non-steroid aromatase
inhibitors.199 This distance range was chosen based on the analysis of P450
enzymes found in the PDB database with imidazole and pyridine ligands
complexed with the heme group.402-404 The GOLDScore fitness function was
used to rank the binding modes to the enzyme. This scoring function is the
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negative of the sum of five energy terms, i.e. protein-ligand hydrogen bond
energy, protein-ligand van der Waals energy, ligand internal van der Waals
energy, ligand torsional strain energy and an additional constraint scoring
contribution.
Analysis of the docking results revealed that all the molecules in study fit
well within the binding site cavity, with fitness scores ranging from 53 to 68.
With exception of compounds 4.7 and 4.12, the top ranked poses of all
molecules have a hydrogen bond between an acceptor group and Ser 478.
Slightly lower scored binding modes of compound 4.7 (62 versus 67, pose
ranked number 12) and compound 4.12 (56 versus 57, pose ranked number
2) showed the same hydrogen bond interaction (Figure 4.10). These results
are in agreement with previous mutagenesis and docking studies pointing
out Ser 478 as a key residue to the catalysis mechanism of the enzyme and
binding of non-steroid aromatase inhibitors.140;215;220 Compounds 4.8, 4.9
and 4.10 share the same binding mode, with an additional hydrogen bond
between the hydroxyl group and Thr 310. This extra anchoring point might
explain the strongest anti-aromatase activity found for compound 4.9. More
detailed analysis of the docking mode of compounds 4.7, 4.8 and 4.15
(Figure 4.10) revealed a very close superimposition of hydrophobic and
hydrogen

bond

acceptor

pharmacophoric

points

similar

to

the

pharmacophore model used for virtual screening, NAI-HYP2 (Figure 4.1B).
The HYD1 area is defined by three phenyl rings docked on a relatively
apolar region of the aromatase binding cavity defined by hydrophobic
residues Val 313 and Leu 477. The HYD2 area has either phenyl rings or a
phenylsulfanyl group, fitting a small hydrophobic pocket due to Pro 368 and
Val 370.
Letrozole, the third generation reference compound used in this study, fits
into the binding pocket of the enzyme in a similar way to the other
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compounds. Good superimposition is observed between the hydrophobic
and nitrogen-containing moieties of these molecules.
Furthermore, the docking poses of compounds 4.7, 4.8, 4.9, 4.10, 4.11,
4.12, 4.15 and 4.19 were loaded into Catalyst and rigidly fitted to the
pharmacophore model. With exception of compound 4.11, all other docked
conformations fitted into all features of the model with an average fit value of
2.45.
These results further validate the NAI-HYP2-HBA+Shape pharmacophore
model as a screening methodology for potent non-steroid aromatase
inhibitors.

Figure 4.10. Docked poses of compounds 4.7 (magenta C carbons), 4.8
(cyan C carbons) and 4.15 (yellow C carbons) into the binding site of an
aromatase homology model.140 Dashed lines are drawn between Thr 310
and the hydroxyl group of compound 4.8 (distance=2.05 Å), and between
Ser 478 and methoxyl groups of compounds 4.7 (distance=2.85 Å) and
4.15

(distance=2.61

Å),

and

a

dioxol

group

of

compound

(distance=2.42 Å). This figure was created using the program Pymol.

4.8

346
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4.3.5. Stereoelectronic characterization
The strong anti-aromatase activity of compound 4.23, a B-nor steroid with
similar hydrophobic core compared to the substrate androstenedione,
prompted us to further evaluate the molecular geometry and electronic
properties of these structures using high level ab initio quantum chemistry
methods. It was found that the geometries of androstenedione and its B-nor
derivative are very superimposable, with a root mean square deviation of
0.31 Å based on pair-wise alignment of the A, C and D ring carbons
(Figure 4.11A). Furthermore, the distances between hydrogen bond
acceptor groups, i.e. androstenedione 3- and 17-oxo groups and equivalent
functions on the B-nor-derivative, which are important features of the SAIHYP1 pharmacophore model, are very similar (10.44 Å and 10.38 Å,
respectively). Slight differences were however identified, namely the shape
and size of the B ring, and the location of the acceptor linked to the ring A.
The B-ring of the nor-steroid, a cyclopentane, adopts an envelope
conformation less bulky than the cyclohexane chair in androstenedione. The
3-oxo groups are located 0.63 Å apart based on this superimposition.
Electronic properties of these molecules were also calculated, namely the
electrostatic surface potential and the valence orbitals, i.e. the HOMO and
LUMO. These properties are similar in both compounds (Figure 4.11B).
Negative potential was found in both carbonyls and along the O=C3–C4=C5
conjugation due to π electron delocalization. The HOMO and the LUMO are
located at the A-ring, on the delocalized system. Therefore, these two
compounds might have a similar aromatase recognition mechanism and
reactivity.
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Figure 4.11. A) Superimposition of the minimized structures of androstenedione
(grey carbons) and B-nor-androstenedione (white carbons) at the ab initio HF/631G** level. The molecules were superimposed based on RMSD of carbon atoms
at A, C and D rings, and represented on a side (right) and top view (left). This figure
was created using the program VMD.117 B) Electrostatic surface potential, HOMO
and LUMO valence orbitals derived for androstenedione (top) and B-norandrostenedione (bottom). The ESP was mapped on the 0.02 e/A3 electron density
isocontour derived from ab initio HF/6-31G** calculations (V= 0.1 eV, blue;
V= −0.1 eV, red). The HOMO and LUMO are represented at orbital amplitude of
0.1 (blue) and −0.1 (red). This figure was created using the program Molden.362

4.4. Conclusions
In this study, a new virtual screening strategy for potent aromatase inhibitors
was proposed. The most successful screening was based on the common
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features of a training set of second and third generation non-steroid
aromatase inhibitors (fadrozole, anastrozole, letrozole and vorozole),
combined with heme coordinating fragments (five- or six-membered
nitrogen-containing aromatic heterocycles), inclusion volumes and several
“drug-likeness” filters. The model was first validated theoretically on a
literature database of known aromatase inhibitors, and used subsequently
to screen the NCI database, a large library of molecules focused on
research for new antitumor and AIDS antiviral agents. A small number of the
NCI compounds (0.03%) were identified as interesting anti-aromatase
candidates. Finally, the model was validated experimentally by testing the
most promising virtual screening hits in an in vitro biochemical assay. New
potent aromatase inhibitors with similar or better in vitro potency than the
reference molecules were identified.
All compounds selected on the basis of NAI-HYP2-HBA+Shape, were able
to inhibit the aromatase with IC50 potencies ranging from micromolar to the
low nanomolar range. These results demonstrate that the virtual screening
strategy based on this pharmacophore model was very effective at filtering
the large NCI compound database, with no false positives. Furthermore,
several compounds had anti-aromatase activities between second and third
generation aromatase inhibitors (4.7, 4.8, 4.10, 4.15 and 4.19), and one of
them (compound 4.9) was stronger than the third generation reference AI.
Kinetic studies confirmed a competitive inhibition mechanism. These
molecules are therefore interesting targets for lead optimization and ADMET
studies.
Although to the best of our knowledge these compounds had never been
tested as aromatase inhibitors, molecules with the diphenylmethylimidazole
or the 3-((1H-imidazol-1-yl)methyl)-1-benzyl-1H-indole motifs have already
been reported as potent aromatase inhibitors with IC50 values in the
nanomolar range.200;405;406 Furthermore, compound 4.18 was tested for
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antimicrobial and antifungal properties with no activity on the assay
conditions,407 and derivatives of compound 4.11 had antifungal activity only
when tested at micromolar concentrations.408 These results indicate that
these compounds, used at very low nanomolar concentrations, might be
selective for the aromatase enzyme. Additional studies should be performed
in order to confirm this hypothesis. Other interesting biological activities
have also been identified for some of these molecules and reported in the
literature, for example, 9-anilinoacridines related to compound 4.15 have
potential antitumor activity due to their DNA binding properties.409 Large
scale screenings performed by the anticancer drug discovery program of the
NCI identified potential new activities for compounds 4.7 and 4.12.
Compound 4.7 was active, in vivo, using a model for colon carcinoma in
mice. Compound 4.12 was another interesting compound identified. It was
found to inhibit the growth of a human leukemia cell line.
Docking of the most potent compounds into the active site of a homology
model140 of the aromatase led to a common binding mode that is in good
agreement with the common features in the pharmacophore model. Besides
the essential HBA1 feature involved in coordination with the heme iron,
establishment of an additional hydrogen bond with Ser 478 appears to be
important, therefore justifying the presence of the HBA2 feature. Several
apolar active site residues explain the hydrophobic nature of the new
aromatase inhibitors (HYD1 and HYD2) and Thr 310, involved in an
additional hydrogen bond, might explain the strong anti-aromatase
properties of compound 4.9.
These results, supported by extensive experimental validation, represent a
clear improvement over previous ligand-based virtual screening approaches
for new non-steroid aromatase inhibitors,386 providing an effective new tool
for the identification of novel molecular entities acting on important
cytochrome P450 targets. Common to all members of this large superfamily,
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is a heme cofactor which should be carefully addressed when designing
new pharmacophore models for such targets, in order to achieve strong
binding affinities. On the other hand, fine tuning of the ligand potency and
selectivity among different P450 targets can be addressed exploring specific
hydrophobic, hydrogen bonding and shape complementarity interactions.
Therefore, starting with potent inhibitors of different cytochrome P450
enzymes such as CYP17 and aldosterone synthase, this methodology can
be easily applied to the design of new drugs for other relevant diseases.
The NAI-HYP2-HBA+Shape pharmacophore model includes a broad range
of nitrogen-containing heterocycles, comprising imidazole, triazole and
pyridine, the most extensively used to design non-steroid aromatase
inhibitors. However, it might be extended with other heterocycles such as
rings containing both nitrogen and sulfur/oxygen heteroatoms (thiazole,
oxazole).
Additional pharmacophore models for two different classes of aromatase
inhibitors, steroid derivatives and polyphenols were proposed and used to
perform virtual screening of new compounds. Previous knowledge on the
binding determinants of these molecules to the aromatase active site was
essential to this ligand-based methodology. A hydrophobic pocket close to
the C6 position of steroid inhibitors has been widely studied, as well as the
importance of a hydrogen bonding group at C7 in flavones. Therefore, the
combination of essential pharmacophoric features with steric restrictions
and “drug-likeness” filters allowed the isolation of small subsets, enriched in
aromatase inhibitors, from the large NCI database.
The SAI-HYP1+Shape pharmacophore model identified compounds active
in the nanomolar range whereas PAI-HYP+Shape identified less potent
compounds, active in the micromolar range. This agrees with the strongest
anti-aromatase activity found for androstenedione derivatives compared to
polyphenols. 6-Methyl-B-nor-androstenedione (4.23) was one of the most
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interesting compounds identified, with a low nanomolar IC50 and a
competitive mechanism of inhibition. The strong anti-aromatase potency
was rationalized based on structural and physicochemical similarities
between the B-nor-androstenedione scaffold and the endogenous substrate
of the enzyme. To the best of our knowledge, this is the first report of B-norandrogens as aromatase inhibitors. Therefore, these compounds might be
an important new structural class of anti-aromatase agents for lead
optimization.
Compound 4.29, a potent mechanism-based aromatase inactivator was
another interesting molecule identified based on the SAI-HYP1+Shape
pharmacophore model.
The PAI-HYP+Shape pharmacophore model identified three interesting
polyphenol aromatase inhibitors, 4.32, 4.33 and 4.37. Compound 4.37,
piceatannol, is a natural stilbene found in red wine410 and one of the
metabolites of resveratrol.411 This compound has been widely studied as an
anti-cancer agent due to strong antileukaemic412 and tyrosine kinase
inhibition properties.413 It is also a known phytoestrogen with agonist activity
at the ERα.414 Therefore, the piceatannol might have more than one effect in
breast cancer and should be further evaluated. Compounds 4.32 and 4.33
are arylbenzofurans, a class of natural polyphenols found in rice and other
crops.415 2-Arylbenzofurans, in particular, have been studied for their anticancer and selective estrogenic activities. These compounds have a
selective estrogen modulator profile, i.e. antiestrogenic effects in breast
cancer cells and estrogenic effects in bone cells, acting by a classical
estrogen receptor mechanism.416;417
In conclusion, we have described and validated a new ligand-based virtual
screening

methodology

for

new

aromatase

inhibitors

based

on

pharmacophore models of non-steroid, steroid and polyphenol inhibitors.
The screening of a large compound database was very fast and new potent
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aromatase inhibitors were identified. Moreover, this methodology will have a
broader application for a large variety of compound databases.

4.5. Materials and methods
4.5.1. Materials and general methods
See Section 2.5.1.
The NCI selected compounds were obtained from the Drug Synthesis and
Chemistry Branch, Developmental Therapeutics Program, Division of
Cancer Treatment and Diagnosis of the National Cancer Institute. Letrozole
was purchased from USP (Rockville, MD, USA). Androstenedione and
L-cysteine were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). The
radioactive samples were counted on a Packard Tri-Carb 2900 TR Liquid
Scintillation Analyzer.

4.5.2. Pharmacophore modelling
Pharmacophore design was performed using the Catalyst software.388
Potent aromatase inhibitors were collected from the literature, their threedimensional structures constructed as described in Section 2.5.5, and
submitted to a conformational search with internal energy minimization
using the catDB utility program. A maximum of 250 conformers were saved
within an energy window of 20 kcal/mol above the global minimum, using
the best quality generation type.
For the azole non-steroid model, anastrozole, letrozole, S-vorozole and
S-fadrozole195 were included in a training set and used to build a commonfeatures pharmacophore model using the HipHop387 algorithm of Catalyst.
The remaining molecules202;203;219;258-260;390 were included in a test set and
used for model validation (Appendix A). The most active enantiomers of
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vorozole418 and letrozole199 were preferred. For the initial hypothesis
generation methodology, hydrophobic and hydrogen bond acceptor
functions were used. The “Principal” value was set to 2 for letrozole (all
features in the molecule were considered to build the pharmacophore
model) and 1 for the other compounds (at least one mapping for each
generated hypothesis was found). The “Maximum Omitted Features” value
was set to 1 for all molecules (all but one feature was forced to map) and
default settings were used for the other options. The nitrogen-containing
aromatic heterocyclic rings were built and 3D-minimized within Catalyst,
converted into pharmacophore features using the “View Hypothesis”
workbench and combined into a new fragment/function feature using the
“Exclude/Or” tool. A similarity tolerance of 0.48 was used in the shape
query. This value was chosen in order to match all molecules of the training
set.
For

the

pharmacophore

model

based

on

C6-substituted

steroids,

hydrophobic and hydrogen bond acceptor functions were used. The
“Principal” value was set to 2 for molecule 4.3 and 1 for the other
compounds. The “Maximum Omitted Features” value was set to 1 for all
molecules and default settings were used for the other options. A similarity
tolerance of 0.5 was used in the shape query.
The function mapping tool of the “View Hypothesis Workbench” was used
for building the pharmacophore model based on polyphenols, using
compound 3.6 as template.

4.5.3. Virtual screening
The NCI database was downloaded from the 2007 release of the ZINC
library392;393 and converted into a multiconformer Catalyst database. A
maximum of 100 conformations were generated for each molecule using the
“FAST”

conformational

analysis

model

of

catDB

utility

program.
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Pharmacophore searches were performed using the “Fast flexible database
search” settings.

4.5.4. Post-processing filtering
Instant JChem395 was used for management, search and prediction of
molecular descriptors for the NCI hits. A Lipinski Rule of Five394 filter was
applied (not more than 5 hydrogen bond donors, not more than 10 hydrogen
bond acceptors, molecular weight under 500 g/mol and calculated partition
coefficient clogP less than 5), as well as a filter based on the maximum
number of rotatable bonds (less than 8 for hits based on the azole
non-steroid pharmacophore model, and less than 9 for hits based on the
steroid and polyphenol pharmacophore models) and maximum polar
surface area (not more than 150). Sub-structure searches were performed
using the same software.

4.5.5. Enzymatic preparation
See Section 2.5.2.

4.5.6. Concentration-response study
See Section 2.5.3.
Incubations were performed at 37 ºC in a medium containing 67 mM sodium
phosphate, pH 7.5, [1β-3H]-androstenedione (6.6×105 dpm / 24 nM) and
270 µM NADPH.
The molecules selected based on the azole non-steroid pharmacophore
model were initially tested at 1 µM concentration, followed by a full
concentration-response study with at least 8 concentrations ranging from
3.162×10−4 µM to 160 µM.
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The

molecules

selected

based

on

the

steroid

and

polyphenol

pharmacophore models were initially tested at 10 µM and 100 µM
concentrations, followed by a full concentration-response study with at least
8 concentrations ranging from 10 nM to 320 µM.

4.5.7. Kinetic analysis
See Section 2.5.4.
The concentration of [1β-3H]-androstenedione was varied from 7.5 to
100 nM and three different concentrations of each inhibitor were tested.

4.5.8. Time-dependent inactivation assay
Several concentrations of compounds 4.23 and 4.29 (up to ca. 10 times the
IC50) were incubated at 37ºC in a medium containing 67 mM sodium
phosphate buffer, pH 7.5, 300 µg microsomal protein and 900 µM NADPH,
in a final volume of 500 µL. Aliquots (50 µL) were extracted in duplicate at
several times (0, 4, 8 and 12 min), and immediately diluted in 67 mM
sodium phosphate buffer, pH 7.5, [1β-3H]-androstenedione (6.6×105 dpm /
24 nM) and 270 µM NADPH in a final volume of 500 µL. The mixture was
then incubated at 37ºC for 20 min, and the extent of the aromatization
reaction was determined by liquid scintillation counting as described
previously. Each assay was performed three times. First order apparent
inactivation rate constants (kobs), at each inactivator concentration, were
obtained from the slop of linear regressions of log aromatase activity
remaining versus incubation time plots, multiplied by 2.303. The KI and kinact
were determined from the slop and y intercept of a Kitz-Wilson plot,400
respectively. Inactivation studies in the absence of NADPH were performed
in the same manner, but NADPH was omitted of the initial incubation. For
the same studies in the presence of androstenedione or L-cysteine, the
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substrate (7.5 µM) or L-cysteine (0.5 mM) were included in the initial
incubation.

4.5.9. Docking calculations
The GOLD401 software was used to perform semi-flexible docking of the
best compounds into the binding cavity of a aromatase homology model.140
The binding site was defined as a 10 Å sphere centered approximately 5 Å
above the heme iron and including all active site residues important to the
binding. An octahedral coordinating geometry was assigned to the heme
iron and the GOLDScore fitness function was used with metal parameters
optimized for P450 enzymes, taking account of different hydrogen bond
acceptor types.419 Since it has been reported that in some cases the GOLD
program fails to reproduce the known binding mode of non-steroid
aromatase inhibitors, i.e. binding through coordination between the heme
iron and an acceptor nitrogen from an aromatic heterocycle,280 substructure
constraints were created for the pyridine and imidazole rings in order place
the nitrogen within a distance between 1.9 and 2.5 Å from the heme iron.
These upper and lower values were chosen based on the analysis of PDB
entries of cytochrome P450 enzymes complexed with imidazole and
pyridine derivatives.402-404 Twenty independent docking runs were performed
with the default genetic algorithm search parameters.
For comparison, unrestrained docking was also performed, being able to
identify docking modes in which the nitrogen-containing heterocycle
interacted correctly with the heme iron, however, for most molecules, failing
to score these poses in the top ranked solutions. As a consequence, the
docking algorithm spent most of the computational time exploring unrealistic
conformations.
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4.5.10. ab initio calculation details
The

minimum

energy

conformations

and

electronic

properties

of

androstenedione and its B-nor derivative were determined by ab initio
quantum chemistry calculations. Initial molecular mechanics geometries
calculated as described in Section 2.5.5 were further optimized with
Gaussian 98377 using a split-valence basis set with polarization d-orbitals
added to heavy atoms and polarization p-orbitals added to hydrogens
(HF/6-31G**).
The optimized geometries were used to calculate electronic properties,
namely the total density, ESP, HOMO and LUMO. Contour surfaces were
represented using the software Molden v4.6.362
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V. Concluding remarks

The work reported in this thesis highlights the importance of combining
biochemical evaluation data with molecular modelling studies for a rational
on the design of new drugs. Applied to the study of aromatase inhibitors, an
important class of drugs for the treatment of breast cancer in
postmenopausal women, this symbiotic approach allowed a deeper
understanding of the physicochemical determinants for strong inhibition.
These results encouraged the development of a virtual screening strategy
for new potent aromatase inhibitors.
Aromatase inhibition is an intensively pursued field of research, and by now
numerous potent inhibitors classes are known. In the initial part of this study
we focused on two emerging types of compounds, estrogen derivatives and
polyphenols.
The biochemical evaluation of the main estradiol and estrone metabolites
revealed that catechol estrogens are potent aromatase inhibitors. Quantum
chemistry calculations pointed a common aromatase binding mode, driven
by the catechol moiety which is expected to establish strong electrostatic
interactions with the enzyme. While the interest of catechol estrogens as
therapeutical agents might be limited due reduced oral bioavailability and
toxicological issues, these compounds have potential for improvement by
molecular derivation. Furthermore, the interest of this study goes beyond
the field of medicinal chemistry, and a link between estrogen metabolism
and production was discussed. The strong anti-aromatase activity of
endogenous catechol estrogens might be responsible for an intracrine
control mechanism of estrogen production in postmenopausal women.
Plant natural compounds offer a tremendous pool of potent and highly
diverse structures able to inspire the development of new drugs. Although
not having the degree of potency found in other classes of aromatase
inhibitors, natural polyphenols are interesting leads for the design of better
compounds. Furthermore, these molecules might be interesting chemical
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probes, used to achieve a deeper understanding of the aromatase binding
pocket.
In this sense, we have evaluated the anti-aromatase potency of natural
polyphenols from several plant sources and identified strong inhibitors,
including flavones, flavanones, resveratrol and oleuropein, the major
polyphenolic compound of olive oil. This information was combined into a
molecular modelling study for a rational on the anti-aromatase activity of
natural polyphenols. Good agreement was found between a putative virtual
receptor site derived from the three-dimensional quantitative structureactivity relationships based on alignment independent descriptors, and
molecular interaction fields calculated at the binding pocket of a homology
model of the enzyme. Briefly, both ligand-based and structure-based
models highlighted a very hydrophobic binding core surrounded by three
polar regions prone to hydrogen bond formation. This was further
corroborated by docking experiments using the model of the enzyme. A
common binding mode was found for all compounds in study.
As a major conclusion from the initial biochemical and computational studies
with estrogen derivatives and polyphenols, it was found that each class of
compounds share common pharmacophoric and shape features, namely an
hydrophobic scaffold and hydrogen bond donor/acceptor groups at specific
locations. This finding encouraged the development of a virtual screening
strategy based on pharmacophore models derived from structures of potent
aromatase inhibitors. Nitrogen-containing heterocyclic non-steroid, steroid
and polyphenol compounds, the most relevant classes of aromatase
inhibitors, were used.
Virtual screening of the NCI database with these three different
pharmacophore models led to thirty six new promising compounds which
were then tested as aromatase inhibitors and their activities compared to
those of reference aromatase inhibitors. Most compounds inhibited the
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aromatase enzyme, one of these with stronger activity than letrozole, five
compounds with activities between letrozole and formestane and nine
compounds with potency between formestane and aminoglutethimide.
In summary, the results presented in this thesis emphasize the benefits of
combining computer-aided drug design techniques with biochemical
evaluation. New insights into the molecular basis of the anti-aromatase
activity of endogenous estrogen metabolites and natural polyphenols were
provided, and a fast in silico screening methodology for new potential
candidates was described.
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Appendix A. NAI-HYP2-HBA+Shape pharmacophore model
validation results.
A test set of 82 non-steroid aromatase inhibitors was collected from the
literature and used to evaluate the potential of NAI-HYP2-HBA+Shape to
identify known aromatase inhibitors not included in the training set.
Compounds fitting the model are marked with a (√) in the table above.
Structure

IC50 (µM)

Structure

0.0023

IC50 (µM)

0.051

√

√

0.040

√

0.069

0.043

√

0.071

0.045

0.074

0.049

0.080

√
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0.089

√

0.170

0.096

0.210

0.100

0.220

0.106

√

0.220

0.110

√

0.240

0.144

√

0.280

√

√

0.150

√

0.280

0.168

√

0.290
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0.350

0.550

√

0.390

0.610

√

0.440

0.630

√

0.470

0.680

0.500

0.680

0.520

0.760

0.530

0.770

√
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0.940

2.10

0.970

2.30

1.10

2.40

1.13

2.82

1.38

2.85

1.60

√

3.00

1.80

√

3.06

2.00

√

3.10

2.10

√

3.56

_____________________________________________________________
172

VI. Appendix

3.60

√

6.00

3.60

9.20

3.70

17.0

3.90

18.0

4.00

26.6

4.10

27%
inhibition
at 25 µM

√

4.70

21%
inhibition
at 25 µM

5.13

60%
inhibition
at 36 µM

√

√

√
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59%
inhibition
at 36 µM

12%
inhibition
at 36 µM

44%
inhibition
at 36 µM

> 50 µM

30%
inhibition
at 36 µM

> 50 µM

27%
inhibition
at 36 µM

> 100 µM
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