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’ INTRODUCTION

Cytochrome P450 aromatase (CYP19) catalyzes the rate-
limiting step in the biosynthesis of estrogens by the aromatiza-
tion of the A ring of androgen precursors such as androstene-
dione (Chart 1) and testosterone. Despite the crucial role played
by sex hormones in living organisms, estrogens are also involved
in breast cancer occurrence and progression. In fact, estrogens
bind to specific estrogen receptors (ERs) in the tumor and
initiate a mitogenic signal. In premenopausal women, circulating
estrogens are mainly synthesized in ovaries. However, in post-
menopausal women, which are the majority of breast cancer
patients, estrogens are produced in nonovarian tissue such as
breast tissue or are synthesized peripherally by aromatase.1

Endocrine therapy controlling estrogen production in estro-
gen receptor positive (ERþ) tumors has been the standard
therapy in breast cancer. Selective estrogen receptor modulators
(SERMs) block the binding of estrogens to ERs. However,
SERMs may act as partial agonists or exert an estrogenic action
in other tissues, leading to an increased risk of endometrial cancer
or stroke. An alternative strategy in breast cancer treatment
employs aromatase inhibitors (AIs), which lack estrogenic effects
and cause fewer side effects.1 The third-generation AIs, which are
now used as first-line therapy in the treatment of early- and
advanced-stage breast cancer in postmenopausal women,2 in-
clude two categories: the reversible nonsteroidal inhibitors
anastrozole and letrozole (Chart 1) and the steroidal inhibitor
exemestane (Chart 1). Nonsteroidal AIs are imidazoles or
triazoles that bind to the active site of CYP19 by coordinating
the heme iron atom of the enzyme through a heterocyclic
nitrogen lone pair. Steroidal inhibitors may exhibit either com-
petitive inhibition, irreversible inhibition, or mechanism-based

inhibition of aromatase. Among them, exemestane is a mechan-
ism-based inhibitor, which is transformed by aromatase into a
reactive species that irreversibly binds to the active site of the
enzyme. Although AIs are currently popular and effective in the
treatment of postmenopausal ERþ breast cancer, the search for
novel drugs still remains necessary to avoid the risk of possible
emerging resistances to available drugs3 as well as to reduce
toxicity and undesirable side effects associated with a prolonged use.

The publication of a high resolution X-ray structure of human
aromatase (PDB code 3EQM, resolution 2.90 Å)4 has opened
the way to a greater understanding of the structural basis for
estrogen synthesis and substrate/inhibitor recognition and may
encourage efforts to discover novel AIs through structure-based
molecular design. So far, new AIs have been mainly designed
through ligand-based methods,5�7 even though docking studies
have been performed with homology models of the enzyme.8,9

Among structure-based design methods, virtual ligand screen-
ing based on flexible docking, i.e., high-throughput docking (HTD),
has become a powerful tool for lead discovery. In the past decade,
very large databases of commercially available compounds,
corporate collections, or virtual libraries have been screened
through flexible docking. HTD has been encouraged by an
increased availability of structural information on pharmacolo-
gical targets, advances in computational power, improvements in
the efficiency of docking algorithms, as well as in the accuracy of
scoring functions and consensus scoring methods.10

Here we report the development of an HTD protocol and its
application as a virtual screening tool for the identification of
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throughput docking protocol was set up and led to the identification of
nanomolar AIs with new core structures.
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novel nonsteroidal AIs with an imidazole or triazole functional
group to coordinate the heme iron. The X-ray structure of human
aromatase4 was used together with a collection of commercially
available compounds.

A stepwise filtering protocol based on Lipinski’s rule-of-five11

and additional filters to discard highly flexible compounds and
chiral compounds with more than two stereocenters was used to
funnel down the number of compounds to be docked. Finally,
the compounds selected through the HTD protocol developed
in this work were tested for in vitro aromatase inhibition, and
highly active AIs with new core structures were identified.

’RESULTS AND DISCUSSION

So far, structure-based design of new AIs has been hindered by
the absence of a crystal structure of this enzyme. However,
homology models12,13 were published and used to perform
docking and molecular dynamics simulations on known AIs in
order to rationalize mutagenesis data and structure�activity
relationships (SAR).8,9 Ligand-based approaches have therefore
been the main strategies employed to identify new AIs.5�7

However, ligand-based methods are always dependent on the
chemical properties of already known inhibitors, thus neglecting
to explore new potentially favorable interactions unsatisfied by
existing ligands. On the contrary, docking prioritizes ligands with
a good functional and steric complementarity with the protein
binding site and is not influenced by known ligands.14 On the
other hand, docking protocols are still far from ideal in terms of
both managing protein flexibility and the accuracy of the scoring
function used to rank ligands. Moreover, in the case of heme
proteins, standard docking protocols usually underestimate iron�
ligand interactions, even if Morse-like metal binding potentials for
docking applications were reported in the literature.15

The recent availability of an X-ray structure of human aromatase
led us to set up an HTD protocol to identify new chemical
scaffolds able to inhibit aromatase, thus testing the possibility of
previously unexplored interactions within the aromatase binding
site. The Glide software16,17 was used for docking a collection of
commercially available compounds to aromatase. A modified
version of ChemScore,18 GlideScore implemented in Glide, was
used to estimate binding affinity and rank ligands.

Before docking libraries of commercially available com-
pounds, the reliability of the chosen docking protocol was tested
on a set of known imidazole and triazole AIs from the Binding
Database (Binding DB).19 For some azole inhibitors, including,
e.g., anastrozole, both the Glide Standard and Extra Precision20

docking protocols failed to predict a binding mode where the
azole nitrogen coordinates the heme iron. This failure of the
docking algorithm in docking azole compounds to heme proteins
was also reported by Verras et al.21 and Potter et al.,9,22 who used
DOCK23 and GOLD,24 respectively. Therefore, a docking pro-
tocol that included the use of Glide metal constraints was set up.
Glide constraints require that a ligand atom lies within a certain
region of the binding site in order to interact with specific
receptor functionalities. A customized metal constraint was used
in order to retrieve ligand poses where an aromatic nitrogen
interacts with the heme iron. The use of a distance constraint
between the coordinating nitrogen of the azole ring and the iron
atom was applied before by Potter et al.9,22 in their docking
studies on AIs. The less CPU-expensive Standard Precision (SP)
docking protocol was used instead of the Extra Precision (XP)
docking protocol, which failed to generate a pose for some of the
known inhibitors from the Binding DB. In fact, the more
sophisticated XP scoring function requires a greater protein�
ligand shape complementarity and may penalize too much
ligands that do not fit well the protein conformation used for
docking. A van der Waals radius scaling factor of 0.5 was applied
to receptor and ligand radii of atoms with a partial atomic charge
(absolute value) less than 0.15. The use of a van der Waals radius
scaling factor may partially model protein flexibility, otherwise
neglected by rigid protein docking. Including protein flexibility
may be particularly important in docking to P450 enzymes. In
fact, Verras et al.21 reported that ketoconazole inhibited both
wild-type and L244A P450cam, and that none of the available
P450cam crystal structures showed a large enough active site to
accommodate such a bulky ligand. Therefore, the authors
hypothesized conformational changes in the active site.

The resulting SP docking protocol, which included the metal
constraint, was able to generate a pose for each of the azole
inhibitors from the Binding DB where the azole ring coordinates
the heme iron. Moreover, by using this protocol, the experimen-
tally observed binding mode of bifonazole to cytochrome P450
2B4 (PDB code 2BDM, resolution 2.30 Å) was predicted (rmsd
on heavy atoms 1.02 Å) (see Supporting Information).

Asinex Gold and Synergy collections25 (about 262000
compounds) were searched for imidazole and triazole scaffolds.
This choice was based on the knowledge that aromatic nitrogen
heterocycles are able to inhibit P450 enzymes by coordinating
the heme iron atom, thus preventing oxygen binding and the
subsequent oxidation reaction of the substrate.26 Because the
replacement of the imidazole or triazole moiety with a pyridine
may result in weaker P450 inhibitors,27 pyridines were excluded
as possible templates, even if pyridyl-substituted AIs are
known.28 Moreover, it was shown that substituents in the R
positions with respect to the coordinating nitrogen introduce
steric clashes with the heme moiety.29 Therefore, azoles with a
substituent different from a hydrogen in the R positions were
excluded. Unhindered imidazoles, 1,2,3 and 1,2,4 triazoles
(about 3200 compounds), were extracted from the Asinex
collections. Compounds with more than 10 rotatable bonds
were filtered out because a high degree of ligand flexibility causes
higher entropic penalties upon inhibitor binding and reduces oral
bioavailability.30 Compounds with more than two chiral centers

Chart 1. The Third-Generation AIs and the Aromatase
Substrate Androstenedione
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were excluded as well to avoid synthetic and purification issues.
Lipinski’s rule-of-five11 was used to discard compounds with
poor absorption and permeation. Finally, compounds were
further processed to generate all possible stereoisomers, tauto-
mers, and ionization states at a pH range of 6�8 in order to
account for significantly populated species under physiological
conditions, leading to about 7000 structures.

The selected azoles were docked into a refined X-ray structure
of human aromatase by focusing on the androstenedione binding
site and by requiring the satisfaction of the metal constraint.
Therefore docked poses that failed to meet the metal binding
constraint were rejected. About 2000 structures were filtered out
by the docking algorithm, which failed to identify a valid pose
after the Glide minimization step or a pose able to satisfy the
specified constraint, whereas for the remainder, Glide returned a
docking pose and an associated docking score. The selection of
compounds for biological evaluation was made by visual inspec-
tion of the binding modes because scoring functions are often
more successful at predicting a pose than an estimate of the
protein�ligand binding energy.31 Therefore, compounds were
prioritized by taking into account their binding mode as well as
the overall match among binding modes of all the stereoisomers,
tautomers, and ionization states of each compound and, second,
their docking score. As for the visual inspection, compounds
were checked for a good protein�ligand complementarity.
Moreover, ligands able to make interactions with residues known
to be important (i) by mutagenesis studies or (ii) because they
interact with known substrates/inhibitors were prioritized. Neu-
tral compounds at physiological pH were preferred over charged
ones. To promote the selection of structurally diverse com-
pounds, potential hits were grouped into chemical classes by
visual inspection, and one molecule was selected for each class.
Finally, compounds were checked for readily sample availability
from the compound provider, and 17 structurally diverse com-
pounds were purchased and submitted to biological evaluation.
All the selected small molecules represent new structural motifs
with respect to known AIs.

In vitro aromatase inhibition assays were performed with a
semiautomated high-throughput screening method, which em-
ploys recombinant human aromatase and a fluorometric sub-
strate, 7-methoxy-4-trifluoromethyl coumarin (MFC), by
measuring the reduction in fluorescence associated with the
reaction of the MFC substrate.32 Compounds were assayed as
DMSO solutions by maintaining the percentage of DMSO in
each well as 0.1%, according to the manufacturer protocol.
Letrozole was tested as reference compound and was shown to
have an activity comparable to that reported in the literature.5

Almost all the tested compounds were shown to inhibit aroma-
tase activity at least in the micromolar range, and seven inhibitors
were submicromolar hits (Table 1). Compounds 2 (IC50 16.5
nM) and 15 (IC50 9.4 nM) were the most potent compounds
with an activity comparable to letrozole (IC50 4.2 nM). Com-
pounds 3 (IC50 119 nM), 5 (IC50 59.2 nM), and 12 (IC50 248
nM) also showed interesting activities. All chiral compounds
were purchased and tested as racemic mixtures. In particular,
compounds 2, 5, and 15 can exist as couples of enantiomers.

As reported above, cytochromes P450 are characterized by a
significant plasticity to accommodate ligands of different sizes. In
fact, P450s can adopt multiple conformations depending on the
bound ligand. As a consequence, failures in predicting pro-
tein�ligand interactions in P450s may be attributed to the use
of a single crystal structure of these enzymes.33 Moreover, the

analysis of the docking poses showed that in some cases polar
groups were within hydrogen bond distances but not properly
oriented to interact favorably. Therefore, to further account for
the binding site flexibility, binding modes of active compounds
were regenerated through Glide/Induced Fit Docking (IFD)34

runs. IFD poses are shown in Figure 1 and discussed hereafter. In
general, IFD binding modes were found to show an optimized
network of protein�ligand interactions as compared to previous
rigid docking results.

Docking results strongly suggested that both the enantiomers
of 2, 5, and 15 share a common binding mode to aromatase. All
the most active compounds showed a good steric and electronic
complementarity with the aromatase active site. In all of them,
N3 of an imidazole ring coordinates the heme iron atom, whereas
both letrozole and anastrozole, the nonsteroidal AIs in clinical
use, interact with the enzyme through a triazole moiety. Inter-
estingly, compounds 3 and 15 are both characterized by the
presence of an imidazole group, a sulfonamide group, and three
carbon atoms that connect the sulfonamide nitrogen to the
imidazole nucleus. In the same way, 5 and 15 share an imidazole
ring connected via a methylene to a six-membered ring, a
morpholine in 5, whose nitrogen is part of an amide group,
and a piperidine in 15, whose nitrogen is part of a sulfonamide.
According to the predicted binding modes, each of the most
active compounds showed peculiar interactions with the enzyme
binding pocket, being the interaction between the azole ring
and the heme iron, the hydrogen bond with Met374 NH, and
van der Waals interactions with the hydrophobic pocket lined by
Ile133, Phe134, Trp224, Val370, Leu372, Val373, Met374, and
Leu477 the only interactions conserved among all compounds.
Met374 makes a hydrogen bond with the natural substrate
androstenedione.4 In the predicted pose of 15 (Figure 1a), the
methoxy oxygen is 3.5 Å from Met374 NH and could make a
weak hydrogen bond interaction, while the tert-butyl-methoxy-
phenyl moiety interacts with Phe134, Val370, Leu372, Val373,
Met374, and Leu477. As shown in Figure 1b, compound 2 p-
methoxy substituent forms a hydrogen bond with the backbone
NH of Met374, and the p-methoxy phenyl moiety contacts with
hydrophobic residues Ile133, Phe134, Val370, Val373, Met374,
and Leu477. Compound 5 (Figure 1c) has a trimethoxyphenyl
moiety that makes good van der Waals contacts with Ile133,
Val370, Leu372, Val373, Met374, and Leu477, while two meth-
oxy oxygens are involved in hydrogen bonds with Met374 NH.
The dihydrobenzodioxinemoiety of 3 (Figure 1d)makes contact
with Phe134, Val370, Leu372, Val373, Met374, and Leu477 and
mimics androstenedione D ring, while one of the oxygens of the
dihydrobenzodioxine moiety makes a hydrogen bond with
Met374 NH. Finally, the fluorophenoxy ring of 12 (Figure 1d)
interacts with Phe134, Val370, Val373, Met374, and Leu477, and
the fluorine atom is involved in a weak hydrogen bond interac-
tion with Met374 NH.

Hydrogen bonds may also involve Thr310 (2, 5, and 12),
Ser478 (3, 15), and to a lesser extent Asp309 (12), while van der
Waals contacts are possible with Phe221, Ile305, Ala306, Val313,
and Val369. Thr310 represents a highly conserved residue in
P450s and is involved together with Ala306 and catalytic water
molecules in the aromatase hydroxylation steps.4 Mutations of
Ser478 to alanine or threonine affect letrozole and anastrozole
binding.35 Finally, Asp309 is involved in a hydrogen bond
interaction with the natural substrate androstenedione.4 More-
over, the carboxylate of Asp309 was proposed to participate in
the enolization reaction4 and on the D309A mutant anastrozole
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Table 1. Compounds Selected by the High-Throughput Docking Protocol
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showed a 7-fold decrease in activity compared to the wild type
enzyme.36 One of the oxygens of the sulphonamide moiety of

both 15 and 3makes a hydrogen bondwith Ser478OH.Moreover,
the piperidyl moiety of 15 makes contacts with Ile133, Phe134,

Table 1. Continued

aCompounds were tested at a maximum concentration of 25 μM. bReference compound.
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Figure 1. (a) Predicted binding mode of compound 15 (distance Fe�N 2.19 Å). (b) Predicted binding mode of compound 2 (distance Fe�N 2.17 Å).
(c) Predicted binding mode of compound 5 (distance Fe�N 2.07 Å). (d) Predicted binding mode of compound 3 (distance Fe�N 2.13 Å). (e)
Predicted binding mode of compound 12 (distance Fe�N 2.15 Å). Hydrogen bonds are represented as black dotted lines. (f) SAR of some of the tested
compounds.
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Table 2. Analogue Compounds
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Phe221, Trp224, Ile305, and Ala306, whereas the alkyl chain of 3,
which connects the imidazole ring to the sulphonamide, contacts
with Ile133, Phe221, and Trp224. Both the phenoxy oxygen of 2
and the amide carbonyl of 12 make a hydrogen bond with
Thr310 OH, whereas the morpholine oxygen of 5 makes a
hydrogen bond with Thr310 NH. Moreover, the phenoxy ring
of 2 makes hydrophobic contacts with Phe221, Val313, Val369,
and Val370. The morpholine ring of 5 contacts with Phe221,
Trp224, and Val370, and the 2-(4-fluorophenoxy) phenyl ring of
12 makes contacts with Phe221, Trp224, the alkyl chain of
Gln225, and Leu477. Finally, compound 12 amide NH interacts
with the carboxylate oxygen of Asp309 through a hydrogen bond.

The presence of hydrophobic contacts with a considerable
number of residues of the highly hydrophobic active site seems to
play a pivotal role in compound binding.

Notably, 2 was previously reported as a potential inhibitor
of Erg11, which encodes for lanosterol 14R-demethylase, by a
yeast-based integrated platform of genomic assays for small-
molecule target identification.37

’HIT EXPANSION THROUGH ANALOGUE SEARCH

Encouraged by these initial results, and with the aim of
exploring the SAR of the identified hits, commercially available
analogue compounds of the most actives were searched among
Asinex collections (Elite, Gold, Platinum, and Synergy) and docked
to aromatase with the SP docking protocol, as described above.
After the visual inspection of the SP docking binding mode for
each analogue, a subset of analogues was selected and submitted
to IFD. Fifteen compounds were purchased and tested (Table 2).
Unfortunately, analogues of compound 2 were not available.

Two analogues of 15 were purchased and tested. Both 18
(IC50 78.8 nM) and 19 (IC50 66.5 nM) were less active than 15
(IC50 9.4 nM). Both compounds differ from the parent com-
pound for the replacement of the piperidine ring with the
morpholine and for the substituents of the phenyl ring. As a
result of the common scaffold, the IFD poses of 18 and 19within
the enzyme binding pocket are similar to that of 15, even if the
absence in 18 and 19 of a lipophilic substituent on the phenyl
ring reduces the number of van der Waals contacts with the

hydrophobic pocket lined by Ile133, Phe134, Trp224, Val370,
Leu372, Val373, Met374, and Leu477. The loss of these inter-
actions is apparently not counterbalanced by the presence of a
stronger hydrogen bond with Met374 NH, involving the meth-
oxy oxygen of 18 (2.8 Å) and the carbonyl oxygen of the
acetophenone moiety of 19 (3.1 Å), respectively.

Seven analogues of 3 (IC50 119 nM) were purchased and
tested (22, 23, 24, 25, 26, 28, 32). Four compounds, namely 23
(IC50 172 nM), 24 (IC50 61.6 nM), 25 (IC50 63.7 nM), and 28
(IC50 100 nM), showed an activity comparable to that of 3, being
24 and 25 the most active compounds of the series, whereas 23
was less active than 3. According to the IFD results, all these
compounds bind to aromatase in a similar way to that of 3, the
hydrogen bond with Ser478 is conserved as well as the good van
der Waals contacts with the hydrophobic pocket, while the
hydrogen bond with Met374 is lost in 23, thus accounting for
its lower affinity. Compounds 22 (IC50 761 nM), 26 (IC50 440
nM), and 32 (IC50 499 nM)were less active than 3. Interestingly,
26 (IC50 440 nM) differs from 15 (IC50 9.4 nM) for the
replacement of the piperidine ring with the flexible alkylic chain,
characteristic of the parent compound 3. In this case, the greater
rigidity of 15 reduces entropic penalties. Moreover, by analyzing
the predicted pose of 26, the decrease in activity observed when
the methyl substituent of 24 is replaced by the bulkier tert-butyl
group of 26 may be ascribed to steric bumps with Val373,
Leu477, and the heme moiety. Such bumps are absent in 15 as
a result of the partly different scaffold and, consequently, the
partly different binding mode. Compound 22 (IC50 761 nM) has
a bicyclic system connected to the sulfonamide as in 3, although
there is a shift in the ring substitution pattern (the sulphonamide
is shifted from the β to the R position of the bicyclic ring).
Moreover, the bicyclic system is a 4-ethoxynaphtalene instead of
a dihydrobenzodioxine. The lower affinity of 22 can be explained
by steric hindrance caused by the bicyclic system that impedes
the formation of the conserved hydrogen bond withMet374NH.
The predicted binding mode of 32 (IC50 499 nM) shows that the
compound, although conserving the above-mentioned interac-
tions, points the amide NH as well as the ether oxygen, which are
not involved in hydrogen bonds, in a hydrophobic region, thus
desolvation penalties may arise.

Table 2. Continued

aCompounds were tested at a maximum concentration of 25 μM.
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To examine the role of the sulfonamide group, three com-
pounds, namely 20 (IC50 1000 nM), 21 (IC50 10600 nM), and
27 (IC50 2500 nM), where the sulfonamide was replaced by an
amide, were tested. These compounds also differ from 3, 15, and
their analogues for the substituents on the phenyl ring connected
to the sulphonamide/amide, nonetheless they present polar
moieties capable of hydrogen bonding with Met374 as well as
lipophilic groups that make good contacts with the hydrophobic
pocket. Direct comparisons between compounds that differ only
for the replacement of the sulfonamide with the amide were not
possible as a result of the limited chemical space available within
the commercial collections. All of them were less active than the
sulfonamide derivatives. Compound 20 makes two hydrogen
bonds with Ser478 OH and Met374 NH. Compound 21 loses
the hydrogen bond with Met374 NH, while 27 makes two
hydrogen bonds with Met374 NH and Ser478 OH as well as
good van der Waals contacts that involve the allylic chain.
Accordingly, it seems that the hydrogen bond between Ser478
and the sulfonamide is stronger and/or geometrically favored
with respect to that with the amide, being all other interactions
conserved at least in 27.

Compound 29 (IC50 13200 nM) was the only analogue of 12
(IC50 248 nM) that was purchased and tested. Its binding mode
is similar to that of 12, being the substitution of the imidazole ring
with a triazole and the dimethyl substituent on the propanamide
chain the only differences between the two. However, the steric
hindrance caused by the dimethyl substituent allows for the
formation of only a hydrogen bond with Thr310 OH instead of
two with Thr310 OH and the carboxylate of Asp309 as in 12.
Moreover, the replacement of the imidazole ring of 12 with the
triazole of 29 may be detrimental to activity. Even if third-
generation AIs used in therapy are triazole derivatives, the loss of
activity caused by the replacement of an imidazole nucleus with a
triazole was observed for other P450 inhibitors.38 In fact, the
presence of a free triazole nitrogen atom that does not make
hydrogen bonds with a protein residue and remains essentially
unsolvated may result in a higher desolvation penalty upon
binding.39

Both analogues of 5 (IC50 59.2 nM), i.e., 30 (IC50 34.5 nM)
and 31 (IC50 46.7 nM), were slightly more potent than the
parent compound. According to the IFD results, compounds 30
and 31 form three hydrogen bonds with Thr310 NH, Met374

Table 3. Properties of Tested Compounds Calculated by QikProp

compd Asinex code molecular weighta QPlogPo/wb QPlogSc QPPCaco2d no. of primary metabolitese

1 BAS 00665638 344.2 3.94 �4.4 1725 0

2 BAS 02077837 352.4 3.73 �3.3 2185 2

3 BAS 12756136 323.4 1.18 �1.4 940 0

4 BAS 12914183 327.3 1.58 �3.3 347 4

5 LEG 13848093 375.4 1.16 �0.4 1169 5

6 LEG 21508414 356.4 0.38 �0.9 287 3

7 LEG 22473243 378.4 2.64 �2.2 1454 3

8 SYN 15645644 311.4 3.14 �4.2 1242 2

9 SYN 15645717 315.4 2.32 �3.9 367 2

10 SYN 17475691 339.4 2.36 �2.3 1145 8

11 SYN 19577078 390.5 2.66 �2.7 1074 5

12 SYN 19990642 311.3 3.22 �3.5 2453 2

13 SYN 19994888 399.9 3.28 �4.8 1195 3

14 SYN 19999063 354.4 3.61 �4.0 3222 3

15 SYN 20028567 391.5 2.94 �2.9 1317 2

16 SYN 22987768 407.5 4.37 �5.0 4043 1

17 SYN 23725844 368.4 3.94 �4.0 3201 2

18 AOP 13801200 337.4 0.68 �0.3 1258 2

19 AOP 13848083 349.4 0.00 �0.1 458 1

20 BAS 00782664 288.3 1.97 �2.5 591 2

21 BAS 05399144 244.3 1.90 �2.3 1464 2

22 BAS 11404029 359.4 2.61 �2.6 1251 1

23 BAS 11404034 307.4 2.07 �2.4 1095 3

24 BAS 12378719 309.4 1.79 �2.1 1305 2

25 BAS 12914671 364.2 2.16 �2.3 1352 1

26 BAS 12914683 351.5 2.47 �2.5 986 2

27 BAS 12927218 362.4 1.94 �2.3 766 1

28 BAS 15369430 313.3 1.48 �1.7 878 1

29 LEG 20062047 340.4 3.39 �3.2 3213 1

30 SYN 13801197 303.3 1.42 �0.8 1625 2

31 SYN 13801198 329.4 1.05 �0.8 1106 2

32 SYN 15516633 364.4 1.12 �2.6 449 1
aRange 95% of drugs (130/725). b Log of the octanol/water partition coefficient, range 95% of drugs (�2/6.5). c Log of aqueous solubility S (mol/L),
range 95% of drugs (�6.5/0.5). dCaco2 cell permeability in nm/s, range 95% of drugs (<25 poor, >500 great). eRange 95% of drugs (1/8).
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NH, and Ser478 OH. Therefore, the geometric requirements of
the amide group in the six-membered ring of 30 and 31 still allow
a strong hydrogen bond interaction with Ser478 OH, as in the
case of sulfonamide containing compounds.

In summary, the conclusions that can be drawn by the new
identified AIs are that, in addition to the interaction between the
azole rings and the heme iron, hydrophobic contacts play a
pivotal role in ligand binding, and two or three hydrogen bonds
involving Asp309, Thr310, Met374, or Ser478 are essential for
ligand recognition. In particular, part of the SAR of the most
active compounds is summarized in Figure 1f by using the
scaffold of 3, 5, 15, and their analogues. As shown in Figure 1f,
the presence in 30 and 31 of a methylene spacer (X) between the
acceptor group that interacts with Ser478 and the phenyl ring
bearing the acceptor interacting with Met374 shortens the
distance between the second acceptor group and Met374 NH
and could lead to a stronger hydrogen bond and, consequently,
more active derivatives also in the series of 15. Moreover, it could
be hypothesized that the steric hindrance on the carbon con-
nected to the azole nucleus as in 29 could be detrimental to
activity also in other classes of compounds, as in the case of 8
(IC50 10600 nM) and 9 (IC50 >25000 nM). Finally, the presence
of amorpholine instead of a piperidine leads in 5, 30, and 31 to an
additional hydrogen bond with Thr310 NH, whereas this is not
the case in 18 and 19. In fact, as a result of the absence in 18 and
19 of the methylene linker, the molecule adopts a partly different
binding mode in order to interact with Met374 and the morpho-
line oxygen is far from Thr310.

To assess the novelty of the tested compounds with respect to
known AIs, pairwise Tanimoto similarity indices for each of the
tested compounds with imidazole and triazole AIs from the
Binding DB were calculated through a python script by using the
default fingerprint module of the RDKit suite.40 In addition to
Binding DB compounds, two recently identified inhibitors, a
bicyclic derivative of the potent dual aromatase-steroid sulfatase
inhibitor 2-bromo-4-{[(4-cyanophenyl)(4H-1,2,4-triazol-4-yl)-
amino]methyl}phenylsulfamate (compound 39 in the original
paper),41 and a resveratrol analogue (compound 82 in the
original paper),42 were included in the pool of known AIs. All
the tested compounds exhibited low Tanimoto similarity indices
(ranging from 0.19 to 0.68) to each of the known AIs. The
maximum similarity index was observed between 4 and a
coumarin derivative. In particular, the ranges for the most active
compounds 2 (0.21�0.52), 3 (0.21�0.48), 5 (0.23�0.55), 12
(0.20�0.46), 15 (0.23�0.59), 18 (0.21�0.53), 19 (0.22�0.55),
24 (0.22�0.45), 25 (0.20�0.50), 30 (0.22�0.48), and 31
(0.22�0.55) were even smaller. Accordingly, the newly identi-
fied hits can be considered as novel.

Finally, expected ADME properties of the tested compounds
were evaluated with QikProp16 and are reported in Table 3. The
selected properties are known to influence metabolism, cell
permeation, and bioavailability.43 Almost all the predicted prop-
erties of the tested compounds were in the ranges predicted by
QikProp for 95% of known oral drugs. Compound 3 has no
predicted primary metabolites, but its analogues, including 24
and 25, the most active compounds of the series, have a number
of primary metabolites in the allowed range (1�8).

’CONCLUSIONS

A successful HTD screening of a library of commercially
available compounds was set up by using the recently published

crystallographic structure of aromatase. Highly active inhibitors
with new structural motifs, as for example the sulfonamide
containing compounds 3, 15, 18, 19, 24, and 25, the morpholino
ethanone derivatives 5, 30, and 31 and the imidazolyl acetamide
compound 12 were identified. Compound 2 as well is different
from all known AIs, but it could be a potential inhibitor of other
P450s.37 Subsequent hit expansion through analogue search
allowed us to explore the SAR of the identified inhibitors and
yielded some compounds with improved activity with respect to
the parent compound as in the case of 24, 25, 30, and 31. Binding
modes of actives compounds were further confirmed with IFD,
thus accounting for protein flexibility that plays an important role
in protein�ligand recognition, particularly in highly flexible
active sites such as those of P450s. The properties of these hit
compounds warrant further biological characterization as cellular
assays to confirm in vivo their interesting in vitro profile. More-
over, synthetic efforts will be pursued to yield small sublibraries
of the most active inhibitors, particularly analogues of compound
2 that were not commercially available, to further explore
their SAR.

’EXPERIMENTAL SECTION

Ligand Preparation and Filtering. Three-dimensional struc-
tures of Asinex Gold and Synergy compounds25 were extracted from the
CoCoCo database44 after the first conversion step (i.e., 2D structures
were converted into their corresponding 3D structures, hydrogens were
added, and all but the largest fragments were removed from multi-
component records by Corina 3.4845,46). Compounds were then filtered
through the Schr€odinger Suite 2008 Ligfilter tool16 in order to retrieve
compounds containing imidazole or 1,2,3 and 1,2,4 triazole rings (with
hydrogen atoms bound to the R positions with respect to the nitrogen
that has to coordinate the heme iron), thus collecting about 3200
compounds. Compounds with more than 10 rotatable bonds and two
chiral centers were removed, as well as compounds that violate Lipinski’s
rule-of-five.11 The octanol/water partition coefficient (QPlogPo/w)
predicted by Qikprop v3120716 was considered as the LogP value.
Stereoisomers were generated with Corina 3.48 and amaximum number
of two stereocenters were processed, leading to a maximum number of
four stereoisomeric compounds for each entry.

To set the ionization and tautomerization state of compounds at a pH
range of 6�8, Epik v1620716 was used, with a maximum number of four
generated structures per input structure.

Then, compounds were minimized with the Schr€odinger Suite 2008
premin tool16 (MMFF force field). About 7000 structures, including
stereoisomers, tautomers, and ionization states, were ready to be
submitted to the subsequent docking run.
Protein Preparation. The X-ray coordinates of human aromatase

in complex with androstenedione were extracted from the Protein Data
Bank (PDB code 3EQM).4 The structure was then processed with the
Schr€odinger Suite 2008 Protein Preparation Wizard tool.16 This tool
automatically sets a charge (þ3) and a correct atom type to the iron
atom, bond orders and formal charges to the heme moiety, and the
orientation of any misoriented groups (such as amide groups of Asn and
Gln). Cys437 was considered as a negatively charged cysteine thiolate
axial ligand of the heme iron. The substrate and water molecules were
removed, and an exhaustive sampling of the orientations of groups,
whose hydrogen bonding network needs to be optimized, was per-
formed. Finally, the protein structure was refined to relieve steric clashes
with a restrained minimization with the OPLS2001 force field until a
final rmsd of 0.030 Å with respect to the input protein coordinates.
Docking. Docking studies were performed using Glide v50208.16,17

The protein structure, prepared as described above, was used to build the
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energy grid. A van derWaals radius scaling factor of 0.50 for atoms with a
partial atomic charge (absolute value) less than 0.15 was used in order to
soften the potential for nonpolar parts of the receptor. The enclosing box
was centered on the heme residue, and default sizes were used for both
the enclosing and bounding box. The SP docking protocol was used. The
satisfaction of a Glide constraint, i.e., a ligand�receptor interaction
requirement, was incorporated into Glide hierarchical filters by allowing
the rejection of docked poses that failed to meet such a requirement. In
particular, a metal constraint was used in order to retrieve ligand poses
where an aromatic nitrogen atom interacts with the heme iron. The
ligand nitrogen must be within 2.4 Å of the metal in order to satisfy the
constraint. Ligands were docked flexibly, the sampling of ring conforma-
tions was included, and nonplanar amide conformations were penalized.
SP docking was performed selecting 1000 poses per ligand to be energy
minimized on the OPLS-AA nonbonded-interaction grid and a van der
Waals radius scaling factor of 0.5 for ligand atoms with a partial atomic
charge (absolute value) less than 0.15. All other parameters were set to
their default value. The docking protocol was validated by using a set of
AIs from the Binding DB.19 Different protocols were tested for their
ability to return binding modes where azole inhibitors coordinate the
heme iron. Moreover, it was verified that for analogue compounds a
similar binding mode was shared among the series and that anastrozole
binding mode was consistent with available mutagenesis data.35,36

Docking results were sorted by GlideScore and top ranked com-
pounds were visually inspected. Seventeen compounds were selected,
purchased, and submitted to biological evaluation.
Induced Fit Docking (v08208)34. An initial Glide SP docking of

each ligand was performed by using a softened potential, i.e., a van der
Waals radius scaling factor of 0.50 for receptor/ligand atoms with a partial
atomic charge (absolute value) less than 0.15, the metal constraint, and a
number of 1000 poses per ligand to be energyminimized on theOPLS-AA
nonbonded-interaction grid, as reported above. One hundred poses were
saved for each ligand and submitted to the subsequent Prime16 side-chain
orientation prediction of residues within a shell of 6 Å around each ligand.
After the Prime minimization of the selected residues and the ligand for
each pose, a Glide redocking of each protein�ligand complex structure
within 30 kcal/mol of the lowest energy structure was performed. Finally,
binding energy (IFDScore) for each output pose was estimated and the
poses for each protein�ligand complex were visually inspected.
ADME Properties Prediction. ADME properties for tested

compounds were evaluated by using Qikprop v31207.16

In Vitro Aromatase Inhibition Assays. The tested compounds
were purchased from Asinex.25 The vendor had verified compound
purity by liquid chromatography�mass spectrometry (LC-MS) or
nuclear magnetic resonance (NMR) experiments. All compounds had
at least 95% purity except 2 (93%), 24 (91%), and 25 (93%). All chiral
compounds were purchased and tested as racemic mixtures. Compound
1 was purchased and tested as a mixture of 67% Z isomer and 33% E
isomer, while compound 11was a mixture of trans isomers. Compounds
10, 17, and 18 were purchased as salts of C(OH)(CH2CO2H)2CO2H,
HCl, and 4-CH3C6H4SO3H, respectively.

In vitro aromatase inhibition assays were performed by using the
CYP19/MFC High Throughput Inhibitor Screening Kit (aromatase
activity = 2.8 pmol product/(min � pmol P450); protein content = 6.9
mg/mL; BDBiosciences, Oxford, UK).MFCwas used as substrate for the
reaction. Enzyme reactions were performed in BD Falcon 96-well black
plates (BDBiosciences, Oxford, UK). Compounds were tested in DMSO,
taking care that the final percentage of DMSO in each well was 0.1%. A
percentage of DMSO higher than 0.2% was found to inhibit aromatase
activity and was avoided. Fluorescence measurements were recorded by
using a TecanGENios Pro plate reader, with a number of reads per well of
10, an excitation wavelength of 405 nm, and an emission wavelength of
535 nm. Assays were performed in duplicate. Blank values were subtracted
from the sample wells to obtain the net fluorescence signal. The values

were normalized to those obtained without inhibitor addition, and results
were expressed as percentage of inhibition. Dose�response curves were
fitted with Graphpad Prism 4.0c.47 Letrozole (Altan Corporation, Orange
CT, USA) was used as standard compound.
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