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Abstract: Prostate cancer is an age-related most common cancer characterized by uncontrolled cell growth that develops in the walnut-sized
prostate gland in men that potentially forms tumors and metastases to other parts of the body that are untreated. It is widely recognized that 80% of
the prostate cancers are androgen-dependent. Thus, inhibition of CYP17 hydroxylase and lyase will stop the androgen synthesis and testosterone
over production and ultimately help in treating prostate cancer. Heterocyclic scaffolds (especially imidazole and triazole) have great affinity and
potency against the CYP17 hydroxylase and lyase. In this study, we developed a statistically robust and reliable predictive model using Hansch
and topological parameters with a series of phenyl alkyl imidazole-based 17a-hydroxylase/17-20-lyase inhibitors. The promising scaffolds were
optimized based on the mechanistic interpretations of substitutions, fragments, and branching, and a total of 3645 novel compounds were designed
and screened over topological models to identify drug-like potential inhibitors. Molecular docking analysis depicted binding patterns, interaction
energies, and a possible mechanism of inhibition of potential molecules. Finally, six potential hydroxylase and nine lyase inhibitors were reported
based on the docking score and binding free energy. The novel 369 and 318 are the most promising designed candidates for prostate cancer
treatment, while the compound 625 is a potential selective lyase inhibitor with 375-fold activity over the hydroxylase. The ADMET study
states the compounds are drug-like and non-toxic. The findings of this study will definitely help the experimental researchers with a prior

basis for the potential of novel, promising CYP-17 inhibitors of this class.
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1. Introduction

Prostate cancer is an age-related disease and the second leading
cause of cancer in the western countries [1, 2]. It is now widely
recognized that majority of the prostate cancers are androgen-
dependent [3, 4]. The cytochrome b5-modulated key enzyme
17a-hydroxylase/17-20-lyase (CYP17) for androgen synthesis
catalyzes the last two sequential reactions in the production of
testosterone, such as (i) 17a-hydroxylation and (ii) subsequent
C17-C20 bond cleavage of pregnenolone and progesterone to
form Dihydroandrostenedione and androstenedione, the precursors
of testosterone [5-8]. Thus, targeting the enzyme of interest
(CYP17) for the treatment of androgen-dependent prostate cancer
could be a promising alternative [9-11]. Ketoconazole and
Abiraterone are the only approved CYP 17 inhibitors which have
been used in advanced prostate cancer, while Orteronel,
Galeterone (TOK-001), and VT-1129 are the investigational drugs
[12—-15]. Efforts have been made during the years to develop non-
steroidal CYP17 inhibitors due to side effects of steroidal
inhibitors related to their backbone structure [16—18]. The recent
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studies described that the incorporation of nitrogen-containing
heterocyclic scaffolds has great affinity and potency against the
CYP17 hydroxylase and lyase [19-22]. Nowadays, heterocyclic
scaffolds are widely included in novel anticancer agents [23-26].
The azole category compounds have acquired great attention
(especially imidazole and triazole) due to their potentiality
[27-29]. The optimization of these scaffolds is necessary to find
out more potential drug-like candidates.

Over the years, various strategies are adopted in designing CYP17
inhibitors, and some of the key and necessary parameters should be
considered while designing novel compounds [21, 30, 31]. Basic
nitrogen-containing heterocyclic scaffolds, iron coordination, and the
distance between the iron-nitrogen (Fe-N) are playing pivotal roles in
producing inhibitory action [32-35]. For example, Abiraterone and
Galeterone are the co-crystal ligands bound with 3RUK and 3SWZ
[36] proteins and have found Fe-N distance 2.04 and 222 A,
respectively. It is better to perform the molecular docking study to
find or analyze the Fe-N coordination, and it plays a crucial role in
designing novel CYP17 inhibitors [31, 36-38].

Followed by the design of scaffolds, it is essential to substitute
influential substituents to improve the potential and optimize the
scaffolds or lead molecules [39, 40]. Hansch parameters have
already strong ability to find out the contribution of major as well
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as very small substitutions for more than six decades [41-43]. Along
with the Hansch parameters, topological and indicator parameters also
play an important role in understanding the substitution effect [4, 44].

In continuation of our previous publication for the present study,
a series of phenyl alkyl imidazole-based derivatives having
17a-hydroxylase/17-20-lyase inhibitory activities were collected from
literature to explore the physicochemical and structural features of the
compounds in their selectivity as well as inhibitory activities [45-51].

The primary objective of the study is to develop a statistically
robust and reliable predictive model using Hansch and topological
parameters and to explore the effect of substitutions on CYP17
inhibitory activity. The second objective is to optimize and design
scaffolds as well as a combinatorial library by incorporating
influential substitutions and finally to predict the inhibitory activity,
molecular mechanism, and binding affinity of designed promising
novel compounds to identify potential CYP17 hydroxylase and
lyase inhibitors.

2. Material and Methods

2.1. Dataset and descriptors

Inhibitory activities of a series of phenyl alky imidazole/triazole
substituted derivatives (Table S1) against the human 17a-
hydroxylase/17-20-lyase (CYP17) enzyme reported in the
literature have been used as the model dataset for the present
QSAR analysis [16, 52-54]. The inhibitory potencies of the
compounds [ICsy (uM)] have been converted to the logarithmic
scale [pIC50 (pM)]. The dataset of 51 compounds used for
modeling with their pIC50 values was reported in Table S1. The
structures were drawn in ChemBioDraw and subjected to an
energy minimization using a smart minimizer and a CHARMn
force field to generate the lowest energy conformations. All the
descriptors were calculated using Discovery Studio Client 4.1
(DSC 4.1) software. Definitions of all descriptors can be found at
the Discovery Studio Client tutorial available at the website
https://www.3ds.com/ [55]. For classical QSAR analysis using a
linear free energy related model of Hansch [56]. We have taken
the lipophilicity constant (xt), electronic constant (Hammett o),
and steric (molar refractivity (MR) and STERIMOL L, B1, and
BS5) parameters of the aryl ring substituents along with appropriate
indicator parameters. Different physicochemical and indicator
variables used in the study have been defined in Table S2. The
values of the physiochemical substituent constants (Table S3)
were taken from the literature [57]. In addition, QSAR models
were developed from topological descriptors.

2.2. Model development

The total number of compounds for the dataset for both
activities containing 51 compounds (42 and 48 CYP17
hydroxylase and lyase inhibitors, respectively) was first divided
into two subsets by the k-means clustering technique based on a
standardized topological, structural, and physicochemical
descriptor matrix [58, 59]. The numbers of compounds for the
training sets (topological) were 31 and 36 for CYP17 hydroxylase
and lyase, respectively, and the test sets were composed of 12 and
11 compounds for CYP17 hydroxylase and lyase, respectively. In
the case of the Hansch method, training and test sets for
hydroxylase are 24 and 9, respectively, and for lyase 29 and 10,
respectively. The rest of the compounds in the dataset were
lacking common scaffold and hence omitted from the analysis.
GFA was used as a chemometric tool for model development [60].
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2.3. Statistical qualities

The statistical qualities of the equations were judged by the
parameters such as determination coefficient (R*) and variance
ratio (F) at specified degrees of freedom (df) [61]. The generated
QSAR equations were validated by leave-one-out cross-validation
R’ (0% and predicted residual sum of squares [62, 63]. The
prediction qualities of the models were judged by statistical
parameters like Q*F;, Q?F,, CCCey, and 1’m,,, [64, 65].

2.4. Designing of novel potential CYP17
hydroxylase and lyase inhibitors

The combinatorial library of novel CYP17 hydroxylase and lyase
inhibitors was designed by using the mechanistic interpretation of the
Hansch model (Equations (1) and (2)) and the topological model
(Equations (3) and (4)). The scaffolds were optimized, and different
substituents like OH, Cl, F, Br, -CH,-OH, methyl, ethyl, propyl,
and isopropyl were substituted on the para and meta positions of
the phenyl ring. A total of 3645 novel CYP17 hydroxylase and
lyase inhibitors were designed using SmiLib software [66].

2.5. Activity prediction and finding of potential
hits

All the designed compounds were minimized in DSC 4.1 and
subjected to descriptor calculations. Further, these compounds
were screened over the topological model of hydroxylase and
lyase to predict the theoretical ICs, value. Different cut-offs like
HAT value, ICs less than most potent compound of dataset, and
standards to identify some potential hits.

2.6. Molecular docking

The molecular docking of potential hits was performed to analyze
the binding pattern, mechanism of action, and the different types of
favorable interactions [67, 68]. The 3ruk protein was downloaded
from the protein data bank and prepared by adding hydrogen,
deleting water, adjusting pH 7.4, adding missing residues, and
cleaning protein structure [47]. The protein structure was minimized
using the smart minimizer and the CHARMm force field. The
binding site was selected based on the co-crystal position, and the X,
Y, and Z coordinates are 27.887, —5.724, and 34.447, respectively.
The docking of co-crystal ligand was performed using the LibDock
algorithm to validate the protocol [31]. Following validation, all
potential hits were docked over the 3ruk protein, and the different
parameters were analyzed. The whole process was performed in
DSC 4.1, and the detailed protocol was discussed elsewhere [31].

2.7. Binding free energy calculation

The binding free energy calculations for best-docked poses were
performed using the DSC 4.1. During the process, in situ energy was
kept true, and the remaining default parameters were used. The
different energy parameters, like binding free energy, ligand
conformational energy, and complex energy, were generated [57].

3. Results and Discussion

3.1. Modeling with physicochemical descriptors

Equations (1) and (2) are the best equations obtained from GFA
(5000 iterations) for hydroxylase and lyase inhibitory activity,
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Table 1. Statistical qualities of developed models

Model Training/ Test R? Rzadj Q%100 Q°F, Q%F, My, CCCoxt MAE.
Hansch Model
Model-1 24/09 0.903 0.889 0.830 0.879 0.879 0.841 0.935 0.279
Model-2 29/10 0.945 0.934 0.903 0.858 0.832 0.694 0.903 0.219
Topological Model
Model-3 31/11 0.929 0.921 0.911 0.842 0.908 0.852 0.904 0.308
Model-4 36/12 0.896 0.600 0.788 0.867 0.858 0.854 0.940 0.241

respectively. Both linear and spline terms were used to develop the
QSAR models. The scatter plot for the hydroxylase models 1 and 3
are shown in Figure S1 and for lyase models 2 and 4 are shown in
Figure S2. The statistical qualities of Equations (1) and (2) are listed
in Table 1 along with other developed models and found to be
significant both internally and externally.

3.1.1. Hydroxylase Hansch model

PICsy opase = — 0.262 (40.138)
+ 0.424 (£0.032) <7 — Integer >
— 0.944(£0.196) MR,
— 0.426 (+0.236) MR,,

1)

The term Integer represents the number of alkyl groups connecting the
phenyl and azole ring. The term <7-Infeger> with a negative
regression coefficient indicates that for optimal hydroxylase inhibitory
activity, the numerical value of an integer should be equal to or
greater than 7 (e.g., 25, 27, 31) than compounds with one (like
compounds 2, 9, 10, 11) or two (like compounds 17, 19) alkyl groups
in between phenyl rings. An increase in the number of alkyl groups
indicates an increase in molecular hydrophobicity. It was stated in the
source papers that LogP plays an important role in the inhibitory
activity, which is supported by our study. The steric parameter MR of
substituents has a positive impact both in the para and meta positions
of the phenyl ring. Compounds with lower numerical MR,, values like
2, 11, and 17 showed significantly lower inhibitory activities than
compounds (28, 29) with higher MR, values. But it was observed that
compounds (like 3, 4, 5, 6, 7, 14) showed poor inhibitory activities
instead of higher values of MRp due to a smaller number of integer
values (n=1). The structural alerts from model 1 for compounds 25,
10, 17, 31, 2, and 28 are highlighted in Figure 1A. For the term MR,,,
only compounds like 10, 11, 13, and 14 have OCF;, Cl, F, and Br
substitutions at the meta position, respectively, and posses a higher
value of MR. It showed significantly lower activity because only one
alkyl group separated the phenyl and azole ring, and the integer value
is 1 for all the compounds.

3.1.2. Lyase Hansch model

PICsy_pyae = — 0.891 (£0.298) + 0.448 (£0.026) <6 — integer >
— 1.028 (+0.137)indicator2 + 1.214 <0.74 — 7, >
+1.069 (£0.241) <0.74 — 7, >
—0.572 (+0.190) MR,

2

For the lyase inhibitory activity, the Integer value should be equal to or
greater than 6 for optimal inhibitory activity (e.g., compounds 30, 31,
and 38). Compounds 11, 2, 10, (integer value 1), compound 35
(integer value 3) showed poor inhibitory activity. /... indicates the

type of azole ring connected to the phenyl ring. The value is 0 for
triazole and 1 for imidazole. The positive contribution of the term
I,-0f indicates the imidazole ring favors the lyase inhibitory
activity, corroborating the results that “imidazole compounds are
more potent inhibitors than the triazole-based compounds™ stated in
the literature. L is a steric parameter, which is the length of the
substituents along the axis of their substitution to the parent
skeleton. The term <L,-2.65> with a negative regression coefficient
indicates that to avoid detrimental interactions, the value of L,
should be less than 2.65. L, is the length of the substitutions at the
4 (para) position of the terminal phenyl ring. Compounds with high
values of Lp, for example, 26, 32, 33, showed better inhibitory
activities than those (compounds 38, 39, etc.,) with a numerical
value less than 2.65. The parameter n is the lipophilicity
substitution constant, which is a very important parameter in
modeling studies. The term <0.74-m,,> has a negative regression
coefficient, indicating the value of x,, should be more than 0.74 for
optimal activity. The lipophilic substitutions at the terminal phenyl
ring are detrimental for the inhibitory activity. Only compounds 10
and 13 had a value greater than 0.74 with —CF; and —Cl
substitution and showed activity in a moderate range due to the less
<6-integer> value. Rest of the compounds are unsubstituted at the
meta position of the terminal phenyl ring. Compounds 33, 26, and
32 with a high value of MRp showed better inhibitory activity than
compounds like 2 and 10 with lower MRp values. The structural
alerts from model 2 for compound 30, 10, 1, 34, 31, 2, 16, and 35
are highlighted in Figure 1B.

3.2. Modeling with topological descriptors

3.2.1. Hydroxylase topological

PICs) OHase = — 6.351(+0.736)
+ 0.186 (£0.029)Zagreb
—0.392 (£0.071)SCsp
+ 1.303 (£0.096) < 5.601 — ¢ >

(©)

The term <5.601-¢> with negative regression coefficient indicates
that the value of molecular should be greater than 5.601. Compounds
27 and 33 (¢> 5.601) showed more significant inhibitory activity
than compounds 8, 9, 10, and 11 with lower ¢ values. It is
obvious from the observations that molecular flexibility increases
with an increase in the number of alkyl groups between the
phenyl and azole rings (e.g., 33, 25, 27, 30, 29, and 28) as well as
the introduction of additional ring system (43, 46, 47, and 49).
Zagreb which indicates the extent of branching of the molecular
carbon atom skeleton has a detrimental effect on the inhibitory
activity. Compounds like 1 (H), 2 (F), 8 (-CH3), and 10 (CF3)
showed lower Zagreb values and poor inhibitory activities. It was
observed that compounds 25, 27, 28, 30, 33 have a higher Zagreb
value, and they showed significantly higher activity. SC_3P is the
number of paths of length 3 in the molecules and indicates the
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Figure 1. Structural alerts from (A) model 1, (B) model 2, (C) model 3, and (D) model 4
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importance of linear branching in the structures that facilitates
inhibitory activity. The structural alerts from model 3 for
compounds 33, 10, 25, and 2 are highlighted in Figure 1C.

3.2.2. Lyase topological

PICso _yase = — 10.677 (£1.132)
+0.429 (40.045)S_aaCH
+ 3.932 (+0.388)]X
— 0.415 (£0.050)S_aaN
— 0.629 (+0.085)S_aasC
+1.276 (+£0.301) x¥

JX reflects the relative connectivity and effective size of the carbon
chain to which multiple methyl groups are attached. The presence
of a higher number of alkyl groups increases the inhibitory activity
(for compounds like 25, 27, 28, 29, 31, 32, and 33 with numbers of
alkyl chains 7, 7, 5, 5, 8, 9, and 10, respectively) due to lower JX
values. For compounds (like 44, 46, and 47) with an additional ring
system, the value of JX decreases and increases the inhibitory
activity. Third-order valance-modified cluster connectivity index
(®x?) indicates the impact of branching and shows a favorable impact
on the inhibition effects. Compounds 44, 46,47, 48 with high values of
above parameter showed more significant inhibitory activity than
compounds 34 and 35. The E-state index of fragments * (SaaCH)
is detrimental for inhibitory activity, whereas the E-state index of
fragments ¢ (SaasC) and Y~ (SaaN) produce conducive activity.
The fragment " present in the imidazole ring system and for triazole
compounds (34, 35, 36, 37, 39, 40, and 42) bears a value of zero. This
indicates the importance of the imidazole ring for lyase inhibitory
activity as observed for the compounds 25, 30, 29, and 27 with a high
value of the parameter. The structural alerts from model 4 for
compounds 30, 31, 1, 32, 33, and 34 are highlighted in Figure 1D.

3.3. Designing of novel CYP17
hydroxylase and lyase inhibitors

The novel CYP17 hydroxylase and lyase inhibitors were designed
from the mechanistic interpretation of both Hansch and topological
models (Equations (1), (2), (3), and (4)) substitution approach. In this
regard, a primary aromatic ring X and imidazole ring Y are constant
in all compounds. The intermediate connecting alkyl unit (linker)
length was considered between the six to ten carbons. The para and

Scaffolds smiles

C([R2))C([R3]

[AI[R]

Linker: (CHz)n
[n=6-10]
Smiles
Scaffolds

Figure 2. Design parameters, smiles, and design scaffolds

meta positions of the aromatic X ring were substituted with different
substituents to improve the potency. The details of the design
strategy are shown in Figure 2. The combinatorial libraries of novel
3645 inhibitors were designed using SmiLib software.

3.4. Finding of novel and potential
CYP17 hydroxylase inhibitors

Inregard to finding the potential CYP17 hydroxylase inhibitors,
all the designed 3645 compounds were screened on model or
Equation (3) to estimate the inhibitory activity. Among these,
3065 compounds showed ICso lower than 10 pM, 1578 are
having ICsy below 1 pM and just 59 are showing more than
100 pM. When we applied the HAT value cut-off, we got 2630
compounds with ICsy less than 6 pM. Additionally, we filtered
these compounds and prioritized eleven novel compounds having
1Cso value less than 0.17 pM (the most potent compound in the
dataset). The structures of these potential hits were reported in
Table S4. The docking validation was performed, and it is in
accepted range. Co-crystal superimposition was showed in Figure
S3. Further, these eleven compounds, KTZ, and co-crystal were
docked on CYP17 hydroxylase target (PDB ID: 3ruk) to find
molecular mechanism, binding affinity, and interaction pattern of novel
inhibitors. The docking score, Fe-N distance, ICs, values, and different
residues involved in forming favorable interactions are given in
Table 2. All the docked compounds have showed docking score ranges
between 116.44 and 137.59. The compound 401 showed the highest
docking score of 137.59 and had ICsy 0.144 pM. A total of five
compounds (81, 369, 401, 441, and 473) showed a higher docking
score (133.31, 133.05, 137.59, 136.34, and 130.77, respectively) than
that of standard KTZ (129.54), co-crystal (126.88), and the most potent
compound L27 of the dataset (123.38). Along with the docking score,
we observed that the heme coordination and the distance between the
heme and heterocyclic atom (nitrogen or oxygen) also play an
important role in improving hydroxylase inhibitory potential [32]. The
most potent compounds 81, 369, 401, 441, and 473 showed Fe-N
distances of 2.50, 2.32, 2.28, 2.42, and 2.34 A, respectively, while
KTZ (4.15 A), co-crystal (2.42 A), and most potent compound L.27 of
the dataset (2.53 A). The closer the distance between heme and
nitrogen will have better the inhibitory activity due to coordination with
iron. Along with the Fe-N distance, similar fact was found for oxygen-
containing compounds like compounds 196, 441, and co-crystal. The
common favorable amino acid interaction includes hydrogen bond,
hydrophobic, and halogen interactions. The ALA367, ALA302,
HEM600, ALA113, PHE114, CYS442, ILE205, ILE206, VALAS2,
VALA483, ASP298, GLY297, VAL366, TYR201, and ARG239

CC(CCCCCCN2C=CN=C2)=C1
CC(CCCCCCCN2C=CN=C2)=C1
CC(CCCCCCCCN2C=CN=C2)=C1
)=CC(CCCCCCCCCN2C=CN=C2)=C1
R3])=CC(CCCCCCCCCCN2C=CN=C2)=C1

Cobinatorial
libraries

of
Novel 3645

CYP17 hydroxylase
and lyase
inhibitors
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Table 2. The docking score, Fe-N distance, ICs( values, and different residues involved in forming favorable interactions of novel

hydroxylase inhibitors

Name of LibDock Distance
compounds Score Fe-N (A) 1Cs0 (LM) Favorable interactions forming residues
52 116.44 2.47 0.122 ALA367, ALA302, HEM600, ALA113, VAL236, ILE205,
ARG239, TYR201, PHE114
73 124.36 2.34 0.144 ALA367, ALA302, HEM600, ALA113, ILE205
81 133.31 2.50 0.144 ALA367, ALA302, HEM600, ALA113, ILE206, CYS442,
VALA482, VAL483, VAL366
153 126.88 2.36 0.148 ALA367, ALA302, HEM600, ALA113, PHE114, ILE206,
VAL482, VAL483, GLY301, ILE371
196 125.24 241, 0.122 ASN202, ALA367, ALA302, HEM600, ALA113,
2.02 PHE114, ILE371, ILE205
212 121.40 2.43 0.122 ASN202, ALA367, ALA302, HEM600, ALA113, ILE205,
GLY301, TYR201, GLY297
361 121.49 2.30 0.144 ALA367, ALA302, HEM600, VAL482, VAL483, GLY301,
ASP298, GLY297, VAL366
369 133.05 232 0.148 ALA367, ALA302, HEM600, CYS442, ILE205, ILE206,
VALA482, VAL483, GLY301, ASP298, GLY297, VAL366
401 137.59 2.28 0.144 ALA367, ALA302, HEM600, ILE206, ILE205,
ARG239, TYR201, ASP298, GLY297
441 136.34 242, 0.144 ALA367, ALA302, HEM600, ALA113, ILE205, ILE206,
2.26 GLY301, PHE114, ASN202, VAL483, ILE371
473 130.77 2.34 0.144 ALA367, ALA302, HEM600, CYS442, ILE205, ILE206,
VALA482, VAL483,ASP298, GLY297, VAL366, TYR201
L27 123.38 2.53 0.17 ALA367, ALA302, HEM600, ILE205, ALA113, PHE114, ASN202
KTZ 129.54 4.15, 3.76 ALA367, ALA302, HEM600, ILE206, TYR201, PHE300, ARG239, LEU243
8.60
Redocked 126.88 2.42, NA ALA367, ALA302, HEM600, ILE205, ILE206, VAL482, VAL483, VAL366
Co-crystal 2.07

Note: The values in bold in column number three are for the Fe-O distance

residue interactions are important for the inhibitory action. The 2D and 3D
interactions for all the potential compounds were shown in Supplementary
files (Figures S4-S29).

Followed by docking analysis, binding energy calculations
were performed for the eleven hit compounds. The details of
the different energy parameters obtained by binding energy
calculations are reported in Table 3. All the subjected
compounds showed good binding affinity towards the targeted
protein. Here, based on binding free energy, we identified four
potential inhibitors (361, 369, 401, and 441) that showed BE

more than —130 Kcal/mol. The compound 369 showed the
highest BE (—137.43 Kcal/mol), which is more than co-crystal
BE (—135.22 Kcal/mol).

Finally, we identified six potential inhibitors, both having
docking scores greater than 130 or binding free energy more
than —130 Kcal/mol and ICsq better than standards. Among
these six compounds (Figure 3), 369 have the highest BE
(—137.43 Kcal/mol) and 133.05 docking score. It showed four
hydrogen bond interactions with GLY297, ASP298, and
VAL366 and eleven hydrophobic interactions with ALA367,

Table 3. The different energy parameters obtained by binding energy calculation for novel hydroxylase inhibitors

Name Binding energy Ligand energy Protein energy Complex energy Ligand Conf. energy
52 —-102.47 17.91 —28956.9 —29041.5 7.33
73 —83.52 22.57 —28956.9 —29017.9 3.93
81 -115.88 39.64 —28956.9 —29033.2 5.15
153 —81.90 31.08 —28956.9 —29007.8 8.76
196 —122.45 30.77 —28956.9 —29048.6 9.73
212 -112.98 13.96 —28956.9 —29055.9 6.46
361 —132.59 5.17 —28956.9 —29084.4 6.47
369 —137.43 1.02 —28956.9 —29093.3 5.69
401 —-130.72 19.57 —28956.9 —29068.1 5.75
441 —134.80 29.98 —28956.9 —29061.8 8.71
473 —120.01 9.99 —28956.9 —29066.9 5.16
Co-crystal —135.22 122.47 —28956.9 —28969.7 0.06
KTZ —145.39 51.31 —28956.9 —29051 12.45
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Figure 3. The six novel potential hydroxylase inhibitors (Compound 81, 361, 369, 401, 441, and 473) and standards

ALA302, HEM600, CYS442, ILE205, ILE206, VALA482,
VAL483, and GLY301. The Fe-N distance was found to be 2.32
A, and it is better than the standard and co-crystal. The 2D and
3D interactions of compound 369 are shown in Figure 4A.
Additionally, the ADME properties and toxicity profiling of
these six hit compounds were carried out using DSC 4.1. The
results suggested all the compounds having drug-like properties
and are non-toxic in nature (Non-mutagenic, Non-carcinogenic,
High LDs,, non-hepatotoxic, etc.,). The results were reported in
Tables S6 and S7 in supporting information 3.

3.5. Finding of novel and potential
CYP17 lyase inhibitors

In regard to finding the potential CYP17 lyase inhibitors, all the
designed 3645 compounds were screened on model 4 to estimate the
lyase inhibitory activity. All 3645 compounds showed ICs, lower
than 6 pM. We filtered these compounds by applying the HAT
value cut-off (0.5000) and ICsqy cut-off (0.056 pM) of the most
potent compound in the dataset (L27), and we got seventeen
compounds with ICso ranges between 0.033 and 0.006 pM. The
structures of these potential hits were reported in Table SS5.
Further, these seventeen compounds and standard drugs (KTZ and
co-crystal) were docked on CYP17 lyase target (PDB ID: 3ruk) to
find molecular mechanism, binding affinity, and interaction
pattern of novel inhibitors. The docking score, Fe-N distance, ICs
values, and different residues involved in forming favorable
interactions are given in Table 4.

All seventeen compounds showed strong docking score ranges
between 119.66 and 135.86, while the nine compounds showed a
higher docking score than standards. The compound 301 showed
highest docking score of 135.86 and had ICsy 0.013 pM. The

compounds 229, 238, 301, 302, 305, 309, 318, 382, and 625
showed higher docking score of 129.65, 131.78, 135.16, 133.65,
135.15, 129.65, 131.78, 133.65, and 135.65 respectively than
those of standard KTZ (129.54), co-crystal (126.88), and the most
potent compound L27 of the dataset (123.38).

Similar to the hydroxylase inhibitor pattern, here also heme
coordination and the distance between heme and heterocyclic
atom (nitrogen or oxygen) play an important role in improving
lyase inhibitory action. The most potent compounds 229, 238,
301, 302, 305, 309, 318, 382, and 625 showed Fe-N distances of
2.36, 2.40, 2.41, 2.74, 2.40, 2.36, 2.32, 2.74, and 2.22 A,
respectively, while KTZ, co-crystal, and most potent compound
L27 of the dataset showed 4.15, 2.42, and 2.53 A, respectively.
Among these nine compounds, six compounds have OH group,
and the oxygen forms better coordination with heme, improving
their potential. The Fe-O distance for oxygen-containing
compounds like compounds 238, 301, 305, 309, 318, and 625
was found to be 2.19, 2.20, 2.25, 2.18, 2.19, and 2.05 A,
respectively. The similar favorable interactions like hydrogen
bond, hydrophobic, and halogen interactions were found for lyase
inhibitors as they are found for hydroxylase inhibitors with
ALA367, ALA302, HEM600, ALAI113, PHE114, CYS442,
ILE205, ILE206, VALA482, VAL483, ASP298, GLY297,
VAL366, TYR201, and ARG239 residues. The 2D and 3D
interactions for all the potential compounds were shown in
Supplementary files (Figures S4-S29).

Similar to hydroxylase inhibitors, binding energy calculations
were also performed for the potential seventeen compounds. The
details of the different energy parameters obtained by binding
energy calculations are reported in Table 5. All the subjected
compounds showed strong binding affinity towards the targeted
protein. All the potential inhibitors obtained by docking showed
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(A) 2D and 3D interactions of compound 369 within active pocket of CYP17 hydroxylase protein
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Figure 4. 2D and 3D interactions of the most promising hydroxylase inhibitor (compound 369) (A) and lyase inhibitor (compound

318) (B) within the active pocket of 3ruk protein

BE more than —130 Kcal/mol, while the compounds 238, 301, 318,
and 625 showed —158.80, 152.45, —158.88, and —148.18 Kcal/mol,
respectively, which is far higher than standard or co-crystal.

Finally, we identified nine potential inhibitors which both
having a docking score of more than 130 or binding free energy
of more than —130 Kcal/mol and ICsy better than standards,
which are shown in Figure 5. Among these nine compounds, 318
have the highest BE (—158.88 Kcal/mol) and 131.78 docking
score. It showed favorable interactions with ALA367, ALA302,
HEM600, ALA113, ILE205, ARG239, TYR201, PHEI14,
ASN202, GLY297, ALA105, and VALA482 residues. The residues
highlighted in bold showed the hydrogen bond interactions. The
Fe-N and Fe-O distances in the two best poses for 318 were
found to be 2.32 and 2.19 A, respectively. The 2D and 3D
interactions of compound 318 are shown in Figure 4B.
Additionally, the ADME properties and toxicity profiling of these
nine hit compounds was performed. The results suggested all the
compounds have drug-like properties and being non-toxic in
nature (non-mutagenic, non-carcinogenic, high LDs, non-
hepatotoxic, etc.,). The results were reported in Tables S8 and S9
in supporting information 3.
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3.6. Study of most potent and selective
inhibitor 625

The best and most potent compound from the designed novel
inhibitors was found to be compound 625 having lyase inhibitory
activity with ICsq 0.006 pM. It is a selective lyase inhibitor
(375-fold more selective) but also showed a good ICs, value
(2.253 pM) against the hydroxylase. The structural features
consist of a basic imidazole and phenyl ring connected with six
carbon alkyl chains. The meta position of the phenyl ring was
substituted with -CH,-OH- and the propyl group while the para
position was substituted with the ethyl group. The substitutional
effect was clearly observed in the sense of ICsoy as well as the
docking interactions and scores. Compound 625 showed twelve
favorable interactions with ALA367, ALA302, HEM600, ILE205,
ALA113, ASP298, GLY297, ALA105, ARG2239, CYS442
residues. From this, para and meta substituents showed six
favorable interactions and remaining six interactions were showed
by whole scaffold. The LibDock score, Fe-N distance, and the BE
was found to be 135.15, 2.22 A, and 148.18 Kcal/mol, which is
far better than the standard co-crystal or abiraterone.
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Table 4. The docking score, Fe-N distance, ICs, values, and different residues involved in forming favorable interactions of novel lyase
inhibitors

Name of LibDock  Distance
compounds score Fe-N (A) ICsy (uM)  Favorable interactions forming residues
223 121.57 2.63 0.029 ASN202, ALA367, ALA302, HEM600, ALA113, PHE114, ILE205
224 125.75 2.40 0.033 ALA367, ALA302, HEM600, ALA113, PHE114, ILE371, ILE205, ALA105
229 129.65 2.36 0.009 ALA367, ALA302, HEM600, ALA113, ILE371, ALA105, GLY297
238 131.78 2.40, 0.008 ALA367, ALA302, HEM600, ALA113, ILE205, ARG239, PHE114,
2.19 VALA482, ASN202, TYR201, ASP298, ALA105
255 119.66 243 0.017 ALA367, ALA302, HEM600, ALA113, ILE205, ARG239,
TYR201, PHE114, ASN202, ASP298, ALA105, GLY297
264 126.96 2.33 0.018 ALA367, ALA302, HEM600, ALA113, ARG239, PHE114,
ASN202, ASP298, GLY297, ILE371, GLY301
301 135.86 241, 0.013 ALA367, ALA302, HEM600, ALA113, ILE205, ARG239,
2.20 TYR201, PHE114, ASN202, ASP298, ALA105, ILE371
302 133.65 2.74 0.010 ALA367, ALA302, HEM600, ALA113, ILE205, ARG239,
PHE114, ALA105,
305 135.15 2.4, 0.006 ALA367, ALA302, HEM600, ALA113, ILE205,PHE114,
2.25 GLY297, VAL483, ILE206, ILE371
309 129.65 2.36, 0.009 ALA367, ALA302, HEM600, ALA113, GLY297, ILE371, ALA105
2.18
318 131.78 2.32, 0.007 ALA367, ALA302, HEM600, ALA113, ILE205,
2.19 ARG239, TYR201, PHE114, ASN202, GLY297, ALA105, VAL482
382 133.65 2.74 0.010 ALA367, ALA302, HEM600, ALA113, ILE205, ARG239, PHE114, ALA105
383 120.89 2.37 0.008 ALA367, HEM600, CYS442, ILE205, ILE206,
VALA482, VALA483, ASP298, GLY297, VAL366, ASN202
543 121.57 2.63 0.028 ALA367, ALA302, HEM600, ALA113, ILE205, PHE114, ASN202
624 125.75 242 0.033 ALA367, ALA302, HEM600, ALA113, ILE205, PHE114, ILE206, ILE371
625 135.15 2.22, 0.006 ALA367, ALA302, HEM600, ILE205, ALA113,
2.03 ASP298, GLY297, ALA105, ARG239,CYS442
953 129.39 2.42 0.019 ALA367, ALA302, HEM600, CYS442, ILE205, ILE206,
VAL482, VAL483, ALA105, ASP298, TYR201
KTZ 129.54 4.15, 1.66 ALA367, ALA302, HEM600, ILE206, TYR201, PHE300, ARG239, LEU243
8.60
L27 123.38 2.53 0.056 ALA367, ALA302, HEM600, ILE205, ALA113, PHE114, ASN202
Bound Co-crystal NA 222 NA ALA367, ALA302, HEM600, ILE205, ILE206, VAL482,

ALA113, PHE114, TYR201

Note: The values in bold in column number three are for the Fe-O distance

Table 5. The different energy parameters obtained by binding energy calculation for novel lyase inhibitors

Name Binding energy Ligand energy Protein energy Complex energy Ligand Conf. energy
223 —-106.22 17.11 —28956.9 —29046 2.60
229 —120.03 31.97 —28956.9 —29045 6.74
238 —158.80 27.77 —28956.9 —29088 541
255 —123.54 22.77 —28956.9 -29057.7 6.35
264 —122.11 22.85 —28956.9 —29056.2 2.44
301 —152.45 21.14 —28956.9 —29088.2 9.52
302 —137.78 16.90 —28956.9 -29077.8 4.28
305 —138.17 24.36 —28956.9 -29070.7 3.34
309 -119.39 17.38 —28956.9 —29058.9 5.93
318 —158.88 27.78 —28956.9 —29088 5.39
382 —137.77 16.91 —28956.9 -29077.8 4.28
383 —120.32 9.92 —28956.9 -29067.3 4.16
393 —120.01 9.99 —28956.9 —29066.9 5.16
543 —106.23 17.10 —28956.9 —29046.1 2.63
624 —-92.88 20.63 —28956.9 —29029.2 5.26
625 —148.18 24.39 —28956.9 -29070.7 3.34
953 —108.21 22.03 —28956.9 —29043.1 4.95
Co-crystal —135.22 122.47 —28956.9 —28969.7 0.06
KTZ —145.39 51.31 —28956.9 —29051 12.45
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Figure 5. The nine-novel potential lyase inhibitors (Compound 229, 238, 301, 302, 305, 309, 318, 382, and 625) and standards

2D and 3D interactions of most potent and selective (625) and cocrystal ligand
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Figure 6. 2D and 3D interactions of most potent 625 and selective lyase inhibitor and co-crystal (abiraterone) within the active pocket of 3ruk

Surprisingly, we found that the oxygen atom (both in 625 and
abiraterone) also forms a coordination with the heme moiety. The
second-best pose in both the 625 and abiraterone showed heme
coordination (Fe-O) with lesser distance (2.03 and 20.7 A

10

respectively) than that of Fe-N [36]. The favorable interactions are
also similar to those of best pose and the co-crystal interactions.
The 2D and 3D interactions and distances (Fe-N, Fe-O) for
compound 625 and abiraterone are shown in Figure 6.
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4. Conclusion

The study used the Hansch approach and docking insights to
design CYP17 inhibitors based on substitution effects. Initially, the
two best predictive and statistically robust QSAR models were
developed for the azole-containing CYP17 hydroxylase and
lyase inhibitors. Hansch and topological-based models were able
to identify and study the substitution effect and the actual
contribution of topological parameters to get a potential
inhibitory response. The developed models state that the length
of alkyl substitution is essential for optimal activity (7 or more
for hydroxylase and 6 or more for lyase) and the imidazole ring
is more promising for lyase inhibitory activity. The para and
meta position substitutions (OH, Cl, F, Br, -CH,-OH, methyl,
ethyl, propyl, isopropyl) on the phenyl ring influence the
inhibitory activity. Based on these observations, we designed
and screened a combinatorial library of 3645 compounds over
the topological model to get predicted ICso. Further, the
compounds were filtered by means of the HAT cut-off,
predicted ICso and docking scores. The BE calculations were
performed to get binding affinity, interactions, and binding
patterns towards the hydroxylase and lyase proteins.
Additionally, ADME and toxicity profiling were performed to
get drug-like and non-toxic, or less toxic compounds. From this
study, we found that the compounds 369 and 318 were found to
be potential hydroxylase and lyase inhibitors, respectively. The
compound 625 is found to be the most potent and selective lyase
inhibitor. These drug-like compounds could be useful in prostate
cancer chemotherapy.
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