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We report here a molecular modeling investigation of steroidal and nonsteroidal inhibitors of
human cytochrome P450 17R-hydroxylase-17,20-lyase (CYP17). Using the pharmacophore
perception technique, we have generated common-feature pharmacophore model(s) to explain
the putative binding requirements for two classes of human CYP17 inhibitors. Common
chemical features in the steroid and nonsteroid human CYP17 enzyme inhibitors, as deduced
by the Catalyst/HipHop program, are one to two hydrogen bond acceptors (HBAs) and three
hydrophobic groups. For azole-steroidal ligands, the 3â-OH group of ring A and the N-3 of the
azole ring attached to ring D at C-17 act as hydrogen bond acceptors. A model that permits
hydrogen bond interaction between the azole functionality on ring D and the enzyme is
consistent with experimental deductions for type II CYP17 inhibitors where a sixth ligating
atom interacts with Fe(II) of heme. In general, pharmacophore models derived for steroid and
nonsteroidal compounds bear striking similarities to all azole sites mapping the HBA
functionality and to three hydrophobic features describing the hydrophobic interactions between
the ligands and the enzyme. Using the pharmacophore model derived for azole-steroidal
inhibitors as a 3D search query against several 3D multiconformational Catalyst formatted
databases, we identified several steroidal compounds with potential inhibition of this enzyme.
Biological testing of some of these compounds show low to high inhibitory potency against the
human CYP17 enzyme. This shows the potential of our pharmacophore model in identifying
new and potent CYP17 inhibitors. Further refinement of the model is in progress with a view
to identifying and optimizing new leads.

Introduction

Prostate cancer (PC) is the second leading cause of
cancer deaths in men in the U.S.1 Androgens play an
important role in the development, growth, and pro-
gression of PC.2,3 A number of studies indicate a
correlation between serum testosterone levels and in-
creased risk of PC.4 Furthermore, about 90% of patients
respond to androgen deprivation, reflecting a require-
ment of circulating testosterone for their growth.

The cytochrome P450 enzymes involved in steroid
hormone biosynthesis represent an important target in
the chemotherapeutic route to the treatment of hormone-
dependent cancers.5 Perhaps most extensively developed
are inhibitors of the P450 enzyme aromatase, which
catalyzes the conversion of androgens to estrogens and
is a target in the treatment of breast cancer.6 Indeed,
research efforts in this area have proved to be very
successful, resulting in four aromatase inhibitors that
are currently used clinically for the treatment of breast
cancer. While only about 50% of breast tumors are

hormone-sensitive, approximately 90% of prostate tu-
mors are androgen-dependent. The last step in the
biosynthesis of androgens (for example, testosterone)
involves two key reactions that occur sequentially
and are both catalyzed by a single enzyme, the cyto-
chrome P450 monooxygenase 17R-hydroxylase/17,20-
lyase (CYP17 or 17-lyase).7 Ketoconazole, an antifungal
agent that is also a modest CYP17 inhibitor, has been
used clinically for the treatment of PC.8 However,
ketoconazole has now been withdrawn from use because
of liver toxicity and other side effects due mainly to its
inhibition of other CYP enzymes. This highlights the
need for discovery and development of more potent and
specific CYP17 inhibitors.

Several categories of highly potent and specific ste-
roidal and nonsteroidal CYP17 inhibitors have been
reported (reviewed by Njar and Brodie, 1999).9 The
design strategy of these new inhibitors is based on the
knowledge that the active site of the enzyme contains
a hydrophobic region and a heme group, which is
common with all P450 enzymes. Some of these com-
pounds are under development and are expected to show
improved selectivity and reduced side effects. The
rational design of CYP17 inhibitors would be greatly
helped by knowledge of the three-dimensional structure
of the enzyme. However, there is currently no crystal
structural information on CYP17. Indeed, this enzyme
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and all related mammalian P450 enzymes are mem-
brane-bound and practical problems have so far pre-
vented their crystallization and structural elucidation.

To date, only two molecular modeling studies of
CYP17 based on the crystal structure of the related class
II P450 enzyme, P450BM-310 (a fatty acid monooxyge-
nase from Bacillus megaterium) have been reported.11,12

However, whereas the predicted structure of CYP17 by
Bruke et al.11 has a bilobal active-site cavity, that by
Auchus and Miller12 is reported to possess a monolobal
active-site cavity. These studies were conducted with
the hope that knowledge of the three-dimensional
structure of CYP17 will facilitate the design of new and
specific CYP17 inhibitors useful in chemotherapy of
androgen-dependent cancers. Unfortunately, new CYP17
inhibitors based on these molecular modeling studies
are yet to be reported.

A molecular modeling (2D) study for the binding of
nonsteroidal antimycotic inhibitors of CYP17 to the
enzyme’s active site has been reported.13 However, the
inhibitors used in the study were not specific for CYP17
because they also inhibit other P450 enzymes. Recently,
our group9,14 and others15,16 have developed highly
potent and specific inhibitors of CYP17. We therefore
considered it a worthy research endeavor to analyze the
CYP17 inhibitory activity data determined in vitro for
these compounds using the three-dimensional quantita-
tive structure-activity relationship (3D-QSAR) software
program Catalyst.17 The Catalyst program can be used
to probe how ligands interact with a receptor by
evaluating chemical features common to a set of active
ligands (HipHop)18 or by elucidating the correlation
between activity and chemical binding features (Hypo-
gen).19

One application of the Catalyst program is the
generation of hypotheses that attempt to correlate the
biological activity observed for a series of compounds
to their chemical structures. The hypotheses generated
are three-dimensional descriptions of a pharmacophore
model proposed for the series of compounds examined.
The hypotheses are represented by chemical features
that describe a series of compounds (e.g., hydrogen
bonding acceptors (HBAs), positive and negative ioniz-
able groups, etc). The hypotheses generated may be used
to estimate the biological activity of proposed targets,
allowing a rank ordering of synthetic priorities. In
addition, the hypotheses generated may be used as
three-dimensional queries to search databases of pro-
prietary and/or commercially available compounds.
These three-dimensional searches could identify novel
compounds that might exhibit potent inhibition of the
target enzyme.

In this study, we used the Catalyst program to
establish a hypothetical CYP17 active site by analyzing
a variety of steroidal CYP17 inhibitors that were evalu-
ated under the same assay conditions. Following valida-
tion of the hypotheses that were generated, we used the
hypotheses to query three databases. These studies
resulted in the discovery of new and potent CYP17
inhibitors and are the subject of this paper.

Experimental Section
Chemistry. Most of the CYP17 inhibitors used in this study

were synthesized in our laboratories, and the methodology for
their preparation has been previously published.14,16 17-(3-

Pyridyl)androsta-5,16-diene-3â-ol was synthesized as reported,15b

and spectral and analytical data were as previously de-
scribed.15 Ketoconazole was purchased from Sigma Chemical
Co., St. Louis, MO. The compounds identified by searching the
Maybridge20 database were obtained from Ryan Scientific, Inc.,
Mt. Pleasant, SC.

In Vitro Assay of CYP17. The in vitro CYP17 inhibitory
activities of the compounds were evaluated using our rapid
acetic acid releasing assay (AARA), utilizing intact P450c17-
expressing E. coli or P450c17-LNCaP cells as the enzyme
source.21 It involves the use of [21-3H]-17R-hydroxypreg-
nenolone as the substrate, and CYP17 activity was measured
by the amount of tritiated acetic acid formed during the
cleavage of the C-21 side chain of the substrate. We have firmly
established that the method is comparable in terms of accuracy
and reliability to the HPLC analysis procedure used by
researchers in the field.21 IC50 values were obtained directly
from plots relating the percentage inhibition versus inhibitor
concentration over appropriate ranges. Each compound was
tested at a minimum of five different concentrations. The
assays were performed in triplicate, and the IC50 values
reported are the mean of triplicate experiments. The standard
deviations were (5% of the mean values.

Computational Methods. The study was performed using
the Catalyst suite of programs available in Catalyst, release
4.7,17 with graphic display on a 195 MHz MIPS R10K Octane
(IRIX 6.5.8) and a compute server on a dual processor, 1.5 GHz
Intel based PC running the LINUX RedHat 7.1 (Kernel 2.4)
operating system.

All compounds were constructed using the 2D/3D sketcher
of the Catalyst software. By use of conformational Poling,22 a
family of diverse conformational models for each compound
were generated within a 10 kcal/mol range of the computed
minimum for each compound, as found in the BEST search
method in Catalyst. The average numbers of conformations
range from about 5 to 20 for all rigid steroidal compounds.

The pharmacophore-based investigation of CYP17 inhibitors
involved using the Catalyst/HipHop program to generate
feature-based 3D pharmacophore alignments.23,24 This was
performed in a three-step procedure:25 (a) a conformational
model for each molecule in the training set was generated; (b)
each conformer was examined for the presence of chemical
features; (c) a three-dimensional configuration of chemical
features common to the input molecules was determined.
Catalyst provides a dictionary of chemical features found to
be important in drug-enzyme/receptor interactions. These are
hydrogen bond donors, hydrogen bond acceptors, hydrophobic
groups, and positive and negative ionizable groups. For the
pharmacophore modeling runs, common features selected for
the run were ring aromatic (R), hydrogen bond donor (D),
hydrogen bond acceptor (A), and hydrophobic groups (H).

Results and Discussion

Common Feature-Based Pharmacophore Mod-
els. Steroidal CYP17 Inhibitors. Figure 1 shows the
structures of 23 compounds and their IC50 values for
CYP17 inhibition obtained in our laboratory under the
same assay conditions. The range of CYP17 inhibition
activity exhibited by these compounds was 50-12000
nM. This range of inhibition activity (<2.5 log units)
was not large enough to allow us to generate meaningful
activity-based (predictive) pharmacophone models using
the Catalyst/Hypogen technology. However, on the
assumption that the most active compounds bind in a
similar fashion at the enzyme’s active site, we employed
the Catalyst/HipHop approach to evaluate the common
features required for binding and the hypothetical
geometries adopted by these ligands in their most active
forms. Thus, a training set consisting of seven of the
most active steroidal CYP17 inhibitors (VN/85-1, VN/
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87-1, VN/108-1, VN/109-1, VN/124-1, H-2, and L-5; see
Figure 1) was submitted for pharmacophore model
generation based on common chemical features.

In the model generation methodology, the highest
weighting was given to the most “active” compound in
the training set (VN/85-1; IC50 ) 50.0 nM). The 10
hypotheses (Hypos) generated had scores ranging from
58 to 92. Of these 10 hypotheses, three (Hypos 1, 3, and
4) were retained for further analysis as determined by
the ranking of the HipHop models and by elimination
of redundancies based on hierachical clustering of all
10 hypotheses. Further pruning of the remaining three
hypotheses was performed using the Güner-Henry
(GH) scoring method.26 This methodology has been
successfully applied to quantification of model selectivity
and coverage of activity space from database mining27

and to the evaluation of the effectiveness of similarity
searches in databases containing both structural and
biological activity data.28 The method consists of com-
puting the following: the percent yield (% Y), which is
a measure of the selectivity of the model, the percent
active (% A), which represents the coverage of activity
space by the model, the enrichment factor E, and the
Güner-Henry (GH) score. These variables are deter-
mined using information derived from the total number
of compounds in the drug database (D), the number of
actives in the database (A), the number of actives
retrieved by the model (Ha), and the total number of
hits retrieved by the model (Ht). These variables are
defined in Chart 1.

A text-based (1D) query using mechanism of action
(MA) in the search field was used to search for all lyase
inhibitors in the Catalyst formatted version of the
Derwent World Drug Index (1999 release)29 (Catalyst/
WDI99: 53 964 compounds). This version of the drug
database contained 15 compounds (6 steroids, 9 non-
steroids) described as lyase- or 5R-reductase inhibitors.
Five of the six steroidal compounds have previously been
reported by our group as potent CYP17 inhibitors.14a

The nonsteroidal compounds were mainly either anti-
mycin analogues or imidazolecarbozoles that are potent
(low nanomolar IC50) inhibitors of CYP17.30 Using
Hypos 1, 3, and 4 as search queries against the same

Figure 1. CYP17 inhibitors and their IC50 values. The asterisk (/) represents the training set of steroidal CYP17 inhibitors
(seven) used to generate the common-feature (HipHop) pharmacophore model.

Chart 1. Metrics for Analyzing Hit Lists in
Pharmacophore-Based Modeling26,a

a Ht ) no. of hits retrieved; Ha ) no. of actives in hit list; % A
) ratio of actives retrieved in hit list; % Y ) fraction of hits relative
to size of database (hit rate or selectivity); E ) enrichment of active
bin by model relative to random screening; GH ) Güner-Henry
score.
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database, we retrieved 6/15, 9/15, and 9/15, respectively,
of the lyase inhibitors in the WDI database. The search
results were then subjected to the GH scoring analysis.
The results are presented in Table 1. On the basis of
the data in Table 1, Hypo 4 with the highest enrichment
factor (13.5), highest coverage of activity space (A )
60%), highest selectivity (Y ) 0.38%), and highest GH
score (0.146) was chosen as the overall best pharma-
cophore model for this class of inhibitors.

This pharmacophore model contained five chemical
features: three hydrophobes (cyan) and two hydrogen
bond acceptors (green) (see Figure 2). The HBAs map
the oxo/hydroxo group on ring A and the N-3 atom of
the azole moiety attached to ring D. Out of the nine
known lyase inhibitors identified by the model, it
included all six steroid-based inhibitors in the Catalyst/
Derwent WDI99 database.

We note that the distance between the two HBAs in
the pharmacophore model is ca. 13 Å. This is similar to
the distance between the 3â-OH group on ring A and
the heteroatom N-3 atom of the azole attached to ring
D (ca. 13.2 Å), as determined from the low-energy
conformer with the best mapping to the pharmacophore
model. It is also noteworthy that type II CYP17 inhibi-
tors such as the steroidal compounds investigated here
are known to act as a sixth ligating atom with Fe(II) of
heme as part of their bioactive functionality.9 Such
interaction is accounted for by the model with the
mapping of an HBA site described by the N-3 atom of
the azole moiety on ring D.

Hypo 4 has five features, and hence, the maximum
fit value of any ligand alignment with this model will
be 5.0. Alignment of Hypo 4 with all training compounds
were performed (see Figure 3) and found to give fit
scores23 ranging from 3.8 to 5.0.

To identify potential new CYP17 inhibitors, Hypo 4
was used as a search query against three commercial

databases: Catalyst/Maybridge2001 (55 273 compounds),
Catalyst/ACD2001 (238 000 compounds), and Catalyst/
BioByteMasterFile2001 (39 389 compounds). The search
results are provided in Table 2. The hits retained for
further evaluation were those with calculated fit scores
(of model alignment and ligand) greater than or equal
to 3.5 (this is based on the lowest fit score from the
alignment of the HipHop model with all seven training
set compounds (fit scores range from 3.8 to 5.0)). For
example, the pruned results of hits retrieved from the
Catalyst/Maybridge2001 database yielded 21 com-
pounds with fit scores greater than or equal to 3.5, 15
of which were steroids of interest to this study (see
Figure 4). Six compounds, BTB 13785, CD 10709, NRB
03689, NRB 03731, NRB 03742, and NRB 03849, were
selected from the 21 compounds identified because of
availability for the CYP17 inhibition assay. Except for
CD 10709, the structures of the other five compounds
were similar (possessing the steroid scaffold with C17
polar groups) to those of the training set. The in vitro
IC50 values for inhibition of CYP17 by these compounds
are presented in Table 3. Again, except for CD 10709,
the other five compounds exhibited potent inhibition of
the enzyme, with IC50 values in the top 10% of the
training set compounds (see Figure 1). The high (83%)
hit ratio obtained with these compounds retrieved from
the Maybridge database is significant, suggesting that
our modeling strategy is reliable and that it may be a
useful procedure to identify novel and potent CYP17
inhibitors. However, except for NRB 03731 with a
relatively stable 17-hydrazine-1-carboxamide group, the
other compounds are metabolically unstable (will be
easily hydrolyzed in vivo) because of the presence of
ester moieties and may not be useful in vivo as CYP17
inhibitors. Nevertheless, it is conceivable that poten-
tially stable (unhydrolyzable) analogues of these com-
pounds may be designed to yield useful CYP17 inhibi-
tors with in vivo activity.

Table 1. Pharmacophore Model Evaluation Based on the
Güner-Henry Scoring Method23,a

hypothesis features Ht Ha % A % Y E GH

Hypo 1 HHHHAA 3043 6 40 0.2 7.1 0.096
Hypo 3 HHHHA 6100 9 60 0.15 5.4 0.134
Hypo 4 HHHAA 2380 9 60 0.38 13.6 0.146
a Total number of compounds in Catalyst/WDI99 (D) is 53 964,

and the total number of lyase inhibitors in this database (A) is
15. Ht ) no. of hits retrieved; Ha ) no. of actives in hit list; % A
) ratio of actives retrieved in hit list; % Y ) fraction of hits relative
to size of database (hit rate or selectivity); E ) enrichment of active
bin by model relative to random screening; GH ) Güner-Henry
score.

Figure 2. Common feature-based (Catalyst/HipHop) phar-
macophore model of azole steroid-based human CYP17 inhibi-
tors. The model contains five features: three hydrophobes
(cyan) and two hydrogen bond acceptors (green).

Figure 3. Alignment of common-feature pharmacophore
model with training set CYP17 inhibitors.

Table 2. Results of 3D Search of Three Databases (Maybrdige,
ACD, and BioByteMasterFile) Using the Pharmacophore Model
Derived for Steroid-Based Human CYP17 Inhibitors (Hypo 4)
as Search Query

database
DB
size

no. of
hits

% of
database

hits with
fit score

>3.5

Maybridge, 2001 55 273 1.951 3.5 21
ACD, 2001 266 812 12.536 4.7 567
BioByteMasterFile, 2001 39 389 2643 6.7 170
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Common Feature-Based Pharmacophore Mod-
els. Nonsteroidal CYP17 Inhibitors. In a previous
study on the molecular modeling of azole-based anti-
mycotic agents (Figure 5a) with inhibitory potency
against human CYP17 enzyme,13 the higher activity of
bifonazole against the CYP17 enzyme was rationalized
on the ability of this ligand to undergo hydrophobic
binding similar to rings A, B, and C of the steroidal
progesterone, despite the lack of a ligating heteroatomic
site on the compound.13 The study, though in a 2D
evaluation of the binding/alignment of these ligands
relative to the natural substrates (progesterone and
pregnenolone), provided an interesting finding nonethe-
less. Results of the 3D pharmacophore-based analysis
of the heterocyle-based human CYP17 inhibitors are
described here.

In the present study, we investigated 3D pharma-
cophore elucidation of the binding requirements for
inhibiting human CYP17 by this class of compounds as
part of our overall investigation of type II inhibitors of
this enzyme. Our training set consisted of six of these
ligands (Figure 5a). As in the steroid-based ligands,
diverse conformations within a 10 kcal/mol energy range
were generated and submitted to the Catalyst/HipHop
program. The chemical feature-based pharmacophore
model identified in the study is shown in Figure 5b, and
alignment of the model with the most potent members
of this class of compounds (ketoconazole, bifonazole, and
clotrimazole) is shown in Figure 5c. The pharmacophore
model for inhibition of the human CYP17 enzyme by
these ligands consisted of three hydrophobic groups
(HYD) and one hydrogen bond acceptor (HBA).

The common binding features in these compounds as
identified by the Catalyst/HipHop program suggest the
requirement of a hydrogen bond acceptor site mapped
by the imidazole N-3 site and three hydrophobic sites
mapped by three aromatic rings (see Figure 5c). It can
be seen that the imidazole N-3 atom maps to the HBA
feature of our model in all the compounds. Since the
model derived in this study did not include activity
values, it is difficult to speculate if the lack of mapping
of all three aromatic rings by ketoconazole and clotri-
mazole accounts for their slightly lower inhibitory
potency against human CYP17. We scored the align-
ment of the model against low-energy conformers of the

Figure 4. Structures of the compounds retrieved as “hits” from a 3D search of Catalyst formatted Maybridge Database
(Maybridge2001) using the HipHop model derived for azole steroid-based human CYP17 inhibitors. The pound sign (#) indicates
compounds (six) that were assayed for CYP17 inhibition.

Table 3. Inhibition of CYP17a by Compounds Retrieved from
the Maybridge Database Using the HipHop Model (Hypo 4) as
Search Query

compd IC50 (nM)

BTB 13785 616.50
CD 10709 b
NRB 03689 56.0
NRB 03731 178.20
NRB 03742 660.25
NRB 03849 562.0
VN/85-1 (for comparison) 28.0

a CYP17-LNCaP enzyme system was used in these assays.
b Approximately 25% inhibition at 1 mM concentration.
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non-steroid-based CYP17 inhibitors, and the fit scores
ranged between 2.2 and 4.0.

Recently, three xanthene-based CYP17 inhibitors
(Figure 5d) were reported by Recanatini and co-
workers,16b with activity ranging between 42 and 200
nM. We wanted to evaluate if there were similarities
in the binding motifs for heterocyclic CYP17 inhibitors
and the xanthene-based ligands by aligning our non-
steroid-based pharmacophore model against the Re-
canatini compounds. This alignment is shown in Figure
5d. When compared with the features mapped by the
reference ligand bifonazole, the xanthene-derived com-
pounds map three of four features in the model, with
average fit scores of ca. 2.2 out of a maximum score of
4.0. These results suggest that the binding requirements
in the heterocyclic and xanthene-based nonsteroidal
CYP17 inhibitors are quite similar, and these are largely
hydrophobic interactions in accord with the inference

of a largely hydrophobic pocket in the active site of this
enzyme based on homology models.12

Conclusions

In the absence of detailed structural information on
the CYP17 binding site, we have employed a ligand-
based computational approach to identify ligand re-
quirements for inhibiting this enzyme. This study has
provided the first insight into hypothetical ligand bind-
ing requirements for steroidal and nonsteroidal inhibi-
tion of the CYP17 enzyme. The pharmacophore model
proposes a largely hydrophobic interaction between
ligand and enzyme, with important hydrogen bond
acceptor functionality by a one or two donor atoms on a
heteroatomic group. In all cases, the N-3 atom of the
imidazole moiety in the two classes of compounds
examined here acts as a hydrogen bond acceptor and
can be classified as mimicking the proposed interaction

Figure 5. (a) Structures of nonsteroidal human CYP17 inhibitors13 used in pharmacophore model generation; (b) common chemical-
feature-based pharmacophore model generated for nonsteroidal inhibitors (contains four features of three hydrophobes (cyan)
and one hydrogen bond acceptor (green)); (c) alignment of ketoconazole (yellow), clotrimazole (magenta), and bifonazole (red) to
the pharmacophore model for nonsteroid CYP17 inhibitors; (d) alignment of xanthene-based human CYP17 inhibitors16b with
pharmacophore model for nonsteroidal inhibitors.
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with heme for all type II CYP17 inhibitors.9 Using these
models as search queries, we have identified potent
steroidal compounds with nanomolar inhibition of hu-
man CYP17. Further work is ongoing to develop unhy-
drolyzable analogues of these new lead CYP17 inhibitors
that may be used in living organisms.
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