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Abstract: Early prediction of xenobiotic metabolism is essential for drug discovery and
development. As the most important human drug-metabolizing enzyme, cytochrome P450
3A4 has a large active cavity and metabolizes a broad spectrum of substrates. The poor
substrate specificity of CYP3A4 makes it a huge challenge to predict the metabolic site(s)
on its substrates. This study aimed to develop a mechanism-based prediction model based
on two key parameters, including the binding conformation and the reaction activity of
ligands, which could reveal the process of real metabolic reaction(s) and the site(s) of
modification. The newly established model was applied to predict the metabolic site(s) of
steroids; a class of CYP3A4-preferred substrates. 38 steroids and 12 non-steroids were
randomly divided into training and test sets. Two major metabolic reactions, including
aliphatic hydroxylation and N-dealkylation, were involved in this study. At least one of the
top three predicted metabolic sites was validated by the experimental data. The overall
accuracy for the training and test were 82.14% and 86.36%, respectively. In summary,
a mechanism-based prediction model was established for the first time, which could be
used to predict the metabolic site(s) of CYP3A4 on steroids with high predictive accuracy.
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1. Introduction

Identification of the metabolic pathways of a given compound is important for the lead optimization
in the early stage of drug discovery and development [1]. As the most abundant P450 isoform
expressed in human liver, cytochrome P450 3A4 (CYP3A4) catalyzes nearly 50% of the therapeutic
drugs currently in clinical use [2]. It is well known that CYP3A4 displays a weak substrate specificity
and poor regioselectivity, due to its large active cavity, which makes it a huge challenge to predict the
metabolic site(s) on CYP3A4 substrates, especially for those compounds with rigid structures [3,4].
Among all of the reported CYP3A4 substrates, endogenous steroidal hormones and steroid drugs have
attracted much attention, since they play vital roles in various physiological and pharmacological
processes in the endocrine system, neuronal system and the immune system [5,6]. However, previous
studies demonstrated that the metabolic types and the metabolic site(s) of steroids are numerous and
complex. For example, CYP3A4 prefers to catalyze 6-hydroxylation on steroids with 3-keto-4-ene,
such as testosterone and medroxyprogesterone acetate (MPA), due to the pharmacophoric features and
the electronic reactivity of H atoms at the C-6 site [7-11]. Cholesterol and dehydroepiandrosterone
(DHEA), two 3-B-hydroxy-5-ene steroids, are preferentially hydroxylated at the C-4 and the C-7
position, respectively [12,13]. Moreover, in addition to aliphatic hydroxylation, CYP3A4 also catalyzes
N-dealkylation of antiprogestins [14,15]. The varied metabolic reactions and the multiple potential
metabolic sites within steroids, combined with the complex conformation of CYP3A4, make it hard to
predict the metabolic sites of CYP3A4 with an in silico approach.

To date, two classes of in silico models, ligand-based and structure-based approaches, have been
proposed to predict the regioselectivity of CYP substrates [16]. In ligand-based approach, structures of
known active and inactive compounds were used to establish the structure-activity relationships, while
the metabolic reactions were extracted from the existing databases. Now, four ligand-based models,
including rule-based methods [17], pharmacophore-based methods [18], quantitative structure activity
relationship (QSAR) methods [19] and reactivity-based ab initio calculations [20-22] are widely used
to explore the potential metabolic sites. Among all input parameters in these above-mentioned methods,
chemical reactivity is the key determinant, which is assumed as the rate-determining step of a
metabolic reaction. Singh et al. estimated hydrogen abstraction energies by AM1 molecular orbital
calculations and predicted the metabolic sites by the energies and surface area of the hydrogen atoms
with high accuracy [20]. Although the prediction methods based on a ligand-based approach consume
less time, the information of substrate reactivity and the shape of active sites were not considered.
Thus, they fail to predict the regioselectivity with rational results [23]. In contrast, structure-based
approaches focus on the properties of a given enzyme and its interactions with the ligand, as well as
the reaction mechanism [24]. These structure-based models utilize docking-based approaches to
predict the metabolic site(s) of known substrates based on the binding mechanism of compounds in the
active site of each CYP enzyme [25]. However, CYP enzymes exhibit extraordinary levels of
flexibility, and the structure-based algorithms are highly susceptible, even to marginal conformational
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changes of the target enzyme, which might become a major problem for structure-based approaches
in general [26].

Compared with other CYP3A substrates, steroids have a rigid skeleton and many possible metabolic
sites catalyzed by the CYP enzyme; thus, it is very difficult to predict the metabolic site(s) of steroids
by simply using currently available algorithm and models. There are at least two challenges in
prediction of the metabolic site(s) on CYP3A4-mediated steroids’ metabolism with high accuracy.
First, most steroids have nearly identical rigid skeleton, and their structures are too similar to change or
adjust their conformations into the active site of CYP3A4. Second, the substrate binding cavity of
CYP3A4 is so large that the substrate can be easily docked into the active cavity with varied
conformation types and thus generates different metabolic sites. In these cases, the development of
a novel prediction model is highly desirable. It is well known that the metabolic process includes
the binding and the catalytic processes. The binding process decides the best-fitting conformation,
while the catalytic process determines the difficulty of the catalysis. Generally, the selectivity is tightly
associated with the substrate binding pocket, in which enzymes catalyze the eventual reactions.
Different types of reactions catalyzed by heme (especially for hydroxylation) follow a two-step
mechanism, in which the hydrogen abstraction step possesses the highest energy barrier [27-29].
Recent investigations have also indicated that the activation energy is directly correlated to hydrogen
abstraction reaction energy [28]. Therefore, the activation energy barrier of the transition state in
a catalytic process could represent the difficulty of the reaction.

The aim of this study was to predict the metabolic site(s) of CYP3A4-mediated biotransformation
of steroids and other typical substrates. To this end, a novel mechanism-based prediction model was
developed on the basis of the binding conformation and the molecular reactivity, which was used to
reveal the process of real metabolic reactions and the site(s) of modification. The methods for the
generation of the bioactive conformations and the hydrogen abstraction energy estimation were
implemented to predict the accessibility of each atom of the substrate toward the heme pocket of
CYP3A4, as well as their corresponding reactivity. Taking into account both accessibility and
reactivity in the prediction model, the binding and the catalytic process could be well simulated, thus
making better predictions of the metabolic site(s) of various CYP3A4 substrates with high accuracy.

2. Results and Discussion
2.1. Analysis of Active Conformations

In order to predict the metabolic site(s) of steroids in CYP3A4, the binding accessibility and
the activation energy of metabolic reaction(s) were combined together to establish a mechanism-based
model. The active conformations were obtained by using the package (Surflex-Dock) to generate
50 possible binding orientations of each substrate. Before docking studies, several representative
CYP3A4 crystal structures were selected and compared. CYP3A4 with ritonavir (coded as 3TJS) [30]
was ultimately selected for the generation of active conformations, due to its best docking results for
10 typical substrates in the training set. Then, all of the 50 CYP3A4 substrates were docked into
this CYP3A4 crystallographic structure, while the CYP3A4 crystal structure was treated as rigid yet
substrates as flexible.
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It is well known that the ligand can bind with the target enzyme in various conformations. However,
for a given CYP3A substrate, the distance between the potential metabolic sites and the heme of
CYP3A4, as well as the binding affinity of this compound towards target enzyme are the most
important factors affecting CYP3A4-mediated site-specific biotransformations. Thus, the distances ()
between the heme iron of CYP3A4 and the potential metabolic site(s) of each substrate, as well as the
binding affinity-related parameters were used to predict the preferred metabolic site(s) of CYP3A4
substrates in this study. Firstly, the distances (») between the heme iron of CYP3A4 and the potential
metabolic site(s) of each tested substrate were obtained. We selected the top ten bioactive poses from
the 50 solutions according to the value of the ChemScore fitness function and calculated the distance
between the preferred site and the heme iron [24]. To increase the possibility of finding out the correct
metabolic site(s) of the substrate in CYP3A4, a bond length adjacent to the preferred site was also
accounted for as a potential metabolic site. Finally, the predictability of a potential metabolic reaction
site was calculated as the weighted fraction of docking poses with a site-heme distance ranging from
2.5 to 7.5 A. Secondly, hydrogen bonding and lipophilic interactions for the top ten bioactive poses of
each substrate were calculated and served as the key interaction parameters to evaluate the binding
affinity, for hydrogen bonding and lipophilic interactions are two key determinants for P450 substrate
selectivity and binding affinity [31].

As shown in Figure 1A and the docking results (Tables S1 and S2), more than half of all of the
tested substrates can form the hydrogen bonds with Argl05, Argl06, Ser119, 1le301 and Glu308,
some forming the bonds with benzene ring carbonyl oxygen, like medroxyprogesterone acetate (MPA),
while others bind at the benzene ring hydroxyl of the ligand, like bufalin (BF) (Figure 1B). In addition,
more than a quarter of substrates formed a hydrogen bond with water molecules H20-619, H.0-623
and H20-637, like testosterone (Figure 1C). It can be speculated that H-bond served as an important
force in driving CYP3A substrates to adopt the right conformation in the active cavity, which can also
explain why almost all metabolic sites located on the atom adjacent to benzene ring carbonyl oxygen
or hydroxyl sites. Thus, the key hydrogen-bond donors, including five amino acids in CYP3A4 and
the water molecule, were considered as crucial features to establish the prediction models.
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Figure 1. The binding modes of three typical substrates docked into the active cavity
of CYP3A4 via hydrogen bond interactions; (A) medroxyprogesterone acetate (MPA);
(B) bufalin (BF); and (C) testosterone. The important residues interacting with the bound
substrate in the CYP3A4 complex are shown as yellow lines; the three water molecules are
shown as red spheres; and the heme groups are shown as ball-and-stick.
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Compounds, like cholesterol and finasteride, tended to perform hydrophobic interactions with
phenylalanine clusters at the roof of the active pocket. Phe-57, Phe-108, Phe-219, Phe-220, Phe-241
and Phe-304 were found exposed to the surrounding active site and formed the hydrophobic cluster
interacting with some substrates. As shown in Figure 2A,B, several substrates containing lipophilic
substitutes located in the active pocket of CYP3A4 via lipophilic interaction with Phe-clusters.
For those substrates without lipophilic interaction with hydrophobic clusters, their metabolic site(s)
happened to be hydrophobic toward the heme, just like pregnenolone (Figure 2C). The hydrophobic
interactions was thus considered as an increased force of a ligand binding with the surface of the active
cavity and selected as another key feature to build the mechanism-based prediction model. On the
basis of the site-heme distance and key interaction features, 367 potential metabolic sites were selected
and then used to evaluate the molecular activation energy.
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Figure 2. The binding modes of three typical substrates docked into the active cavity of
CYP3A4 via lipophilic interactions with Phe-clusters or the heme. (A) Cholesterol,
(B) finasteride; and (C) pregnenolone. The important residues interacting with the bound
substrate in the CYP3A4 complex and a heme group are shown as yellow capped sticks.

2.2. Estimation of Activation Energy

For each potential metabolic site, the reactivity was further evaluated by calculating the activation
energy following a two-step catalysis mechanism, which was directly correlated to hydrogen abstraction
energy. Here, the reactivity for potential hydrogen atoms was calculated with the Complete Neglect of
Differential Overlap (CNDO) semi-empirical method. A total number of 50 substrates involving two major
metabolic reactions (aliphatic hydroxylation and N-dealkylation) have been evaluated, with 1005
nonequivalent hydrogen atoms attached to carbon. Regardless of the binding process, the reactivity
evaluation exhibited a success rate of 62.00% (Table 1) and varied in accordance with the type of
metabolic reaction. Notably, N-dealkylation achieved the highest prediction accuracy up to 80.00%,
while aliphatic hydroxylation had relatively lower predictability of 57.50%.

Given that CYP3A4 had a relatively large active site cavity and broad substrate specificity, the
model can hardly predict CYP3A4-mediated metabolism with high accuracy with the reactivity alone.
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Table 1. Prediction accuracy for CYP3A4 substrates using the top three sites for the
activation energy estimation.

Model of Activation Energy Estimation

Reaction Types

Nc¢? N?b Ratio (%) ¢
Aliphatic hydroxylation 23 40 57.50%
N-dealkylation 8 10 80.00%
Total 31 50 62.00%

Nc * = Number of correctly predicted substrates; N ® = Number of substrates; ¢ Percentage of correct predictions.
2.3. Application of the Mechanism-Based Model

Since the reactivity evaluation alone can hardly achieve rational accuracy for metabolic site
prediction, both the binding conformation and the reaction activity of substrates are used to establish
a mechanism-based prediction model. Active conformations were generated based on the representative
features and the cutoff distance to recognize the potential sites. Subsequently, those potential metabolic
sites were ranked based on their activation energy, with the top one treated as the most possible
metabolism site. The training set included 28 steroids, and 255 potential sites were recognized.
As shown in Table 2, in the training set, 82.14% known metabolic sites that have been confirmed by
experiment are listed in the top three predicted sites by using this mechanism-based model. Particularly,
all N-dealkylation metabolic sites have been accurately predicted; also, the predictability of aliphatic
hydroxylation metabolic sites reached 80%.

Table 2. Prediction accuracy for the training set using the top three sites for the
mechanism-based prediction model.

Training Set

Reaction Types

Nc¢ ? NP Ratio (%) ¢
Aliphatic hydroxylation 20 25 80.00%
N-dealkylation 3 3 100%
Total 23 28 82.14%

Nc ? = Number of correctly predicted substrates; N ® = Number of substrates; ¢ Percentage of correct predictions.

In order to further validate the universality of this newly developed prediction model, we expanded
the structure types of CYP3A4 substrates. Ten steroids and 12 non-steroids CYP3A4 substrates with
varied skeletons and 112 potential metabolic sites were selected in the test set, while N-dealkylation
and aliphatic hydroxylation were also involved. As shown in Table 3, the predictability of the metabolic
sites undergoing aliphatic hydroxylation was also up to 80% in the test set, while the predictability of
the metabolic sites undergoing N-dealkylation was very high, up to 100%. The overall forecast of
the test set was 86.36%. Overall, the newly established model exhibited good prediction accuracy for
N-dealkylation and aliphatic hydroxylation of CYP3A4 substrates. These findings also suggested that
it is necessary to evaluate the binding accessibility and activation energy simultaneously together, for
the precise prediction of the metabolic site(s) of substrates in CYP3A4.
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Table 3. Prediction accuracy for the test set using the top three sites for the
mechanism-based prediction model.

Reaction Types Test Set
Nc? N? Ratio (%) ¢
Aliphatic hydroxylation 12 15 80.00%
N-dealkylation 7 7 100%
Total 19 22 86.36%

N # = Number of substrates; Nc¢ ® = Number of correctly predicted substrates; © percentage of correct predictions.
2.4. Analysis of the Prediction Model

Metabolism will cause qualitative transformation in the structures of drug molecules, which, in turn,
causes the changes in pharmacokinetic and toxicological effects. As the most important human
drug-metabolizing enzyme, CYP3A4 has a large and flexible active cavity and catalyzes structurally
diverse substrates, such as steroids, macrolides, dibenzocyclooctadiene lignans and benzodiazepines.
The weak substrate specificity and poor regioselectivity make it difficult to predict the metabolic site(s)
on its substrates, especially for steroids with rigid structures, using the existing algorithms. In this
study, a new mechanism-based model was established for the precise prediction of the metabolic site(s)
of substrates in CYP3A4. To this end, 38 steroids and 12 non-steroids compounds with known metabolic
sites in CYP3A4 were used to investigate and validate the accuracy and the universality of this newly
developed prediction model.

During the processes of model construction, binding affinity and activation energy were combined
together to predict the accessibility of each substrate towards the target enzyme, as well as their
corresponding reactivity. Our results demonstrated that the newly developed prediction model could
not only predict the metabolic sites of steroids with high accuracy (84.21%), but also be applied to
other CYP3A4 substrates with considerable accuracy (91.66%). Notably, the predictability of the
mechanism-based model was obviously higher compared with former models based on a single
approach, either structure-based or ligand-based. For example, the structure-based approach proposed by
Poongavanam et al. has a predictability of only 55% on active compounds and 75% on the inactive
compounds [32], while the ligand-based approach proposed by Singh et al. has a predictability
of 78% [32].

CYP3A4 catalyzes a broad range of metabolic reactions, such as hydroxylation, oxidation and
N-dealkylation. For natural steroids and their synthesized analogous, aliphatic hydroxylation and
N-dealkylation are the two most important metabolic reaction types for these compounds in CYP3A4;
thus, it is highly desirable to precisely predict the metabolic site(s) of steroids undergoing these
two metabolic reactions [33,34]. In this study, our established model could predict the metabolic sites
of steroids with high accuracy, which should be attributed to the reactivity of the above two reactions
which is highly relevant to hydrogen atom energy. The reaction mechanism of aliphatic hydroxylation
is a “hydrogen abstraction/oxygen rebound mechanism” [35]. While for CYP-mediated N-dealkylation,
there are two alternative mechanisms: One is hydrogen atom transfer, and the other is single electron
transfer. All mechanisms reflect reactivity and the hydrogen atom energy of the aliphatic hydroxylation
and N-dealkylation metabolic reaction are highly correlated; The barriers of the N-dealkylation
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hydrogen-atom transfer reaction are much lower than those of aliphatic hydroxylation, which can
explain why the predictability of N-dealkylation is higher than that of aliphatic hydroxylation [36,37].

3. Experimental Section
3.1. Dataset and Molecule Modeling

Metabolic reaction data were collected from the literature [9,20,38—41]. Two major metabolic
reactions of steroids mediated by CYP3A4, aliphatic hydroxylation and N-dealkylation were included
in the dataset. The set of 50 substrates was divided into two set, with 28 substrates belonging to
the training set and 22 substrates (included steroids and other structures) classified in the test set.
In the total of 50 collected substrates, 37 of them were reported to have only one metabolite, whereas
another 13 to have more than one metabolite in the CYP3A4-mediated metabolism [14,20,38].
The training set was applied for model construction, and the test set was applied to the prediction
model validation. The set of 50 CYP3A4 substrates used in our study is shown in Figure 3.
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Figure 3. Chemical structures of: (A) Successful cases in the training set; (B) Failed cases
in the training set; (C) Successful cases in the test set; and (D) Failed cases in the test set.
Experimentally known major sites of metabolism are indicated with a green circle.
Predicted sites with the mechanism-based prediction model are indicated with an arrow.
DHEA, dehydroepiandrosterone.
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Molecular energy minimization was carried out by the standard Tripos force with delta energy
change 0.05 kcal/mol energy convergence criteria, and the most stable conformation was searched
through the Powell conjugate gradient algorithm with a convergence criterion of 0.001 kcal/mol. The
energy gradient threshold value was set at 0.05 kcal/mol/A.

3.2. Generating Active Conformations

Surflex-Dock, the incremental construction-based docking method, has been applied to generating
active conformations by exploring all calculations of binding interactions and conformations of ligands
interfaced with Sybyl 7.3 (Tripos, St. Louis, MO, USA) [42]. Surflex-Dock uses an empirical scoring
function and a patented search engine to generate the bioactive binding poses of substrates in the
active site of CYP3A4. During the docking simulation, the enzyme structure was kept rigid, while the
substrate was left fully flexible by changing the conformations of the ligand in the active site. Here,
several representative X-ray crystallographic structures of human microsomal CYP3A4 bound in the
Protein Data Bank were selected for the docking study, including CYP3A4, coded as 1TQN, CYP3A4
with progesterone, coded as IWOE, and CYP3A4 with ritonavir, coded as 3TJS [43,44]. CYP3A4 with
ritonavir was eventually selected for the active conformations evaluations, because it gave the best
docking results when tested on ten typical substrates in the training set. The active site was defined as a
2.25-A radius circles around residues Phe57, Argl05, Argl06, Phe108, Ser119, 1le120, 11e301, Glu308,
Leu482 and Leu483. In view of water molecules participating in the interaction between the substrate
and CYP450s, crystallographic water molecules were considered in this study [45]. The charge
assignment was set as formal, and the orientations were evaluated using the ChemScore function. The
best bioactive poses selected from the top ten solutions were then used for the analysis of the binding
interactions between CYP3A4 and its substrates.

3.3. Activation Energy Estimation

The models proposed by Singh were used to represent the reactivity of labile sites within a substrate.
In the model, the reactivity of a hydrogen atom within a substrate was treated as the reaction energy of
hydrogen abstraction. The energy to extract the hydrogen atom on an isolated substrate is given by:

Aern = AH2 - AHI

The hydrogen abstraction reaction energy (AH»») is given by the difference between the heat of the
formation of the native substrate (AH1) and that of its radical (AH2). Calculations of hydrogen were
carried out on the basis of a semi-empirical force field with the HYPERCHEM 7.5 program
(Hypercube, Gainsville, FL, USA). Each molecule was constructed using the SYBYL sketcher,
assigned Gasteiger—Hiickel charges and relaxed using the Tripos force field. Then, they were optimized
by the CNDO semi-empirical method. Single-point energy was also carried out using the CNDO
semi-empirical method. Default parameters available in the HYPERCHEM 7.5 package were used for
all of the calculations. In hydrogen abstraction reactions, hydrogen atoms attached to the same carbon
atom have the same radical species in a metabolic reaction.
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3.4. Prediction Models

In consideration of both the binding and catalysis process, binding accessibility and activation
energy were prepared to develop the model for the prediction of metabolic sites (Figure 4).
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Figure 4. The workflow of the mechanism-based prediction model.

The potential sites of the substrates can be determined from the following aspects:

1. The distances () between the heme iron of CYP3A4 and the atoms of the substrates [21]:
A catalytically-reactive distance from the heme iron of CYP450 is generally known to be within 6 A;
however, the range of distances used in this model was rather large due to ligand-induced conformational
changes of the active site [26], for the CYP3A4 crystal structure exhibits a relatively large
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substrate-binding cavity volume [31]. Thus, the results from dockings with three different distance
cutoffs (6.5, 7.0 and 7.5 A distance from the heme iron atom to the carbon atom in the substrate) on the
28 substrates in the training set were evaluated [46]. Additionally, a docking score with a cutoff value
of 7.5 A for our combined evaluations has been selected, because it gives the best docking results
when considering the top ten ranked sites and it also sets the pose within the cutoff for at least one
major metabolite. It is worth considering that the sites adjacent to the speculated metabolic sites were
also considered as potential metabolic sites.

2. Key interaction features: It is well known that the position of the metabolic site was determined
based on the CYP3A4 active conformations and was confirmed by visual inspection. CYP3A4
substrates are usually of high volume, relatively lipophilic and structurally diverse with one or
two hydrogen bond donors/acceptors nearby the site of metabolism [47]. Therefore, the features of
a metabolic site were described by hydrogen bond interactions and lipophilic interactions [48], which
were assumed to be fundamentally important to P450 substrate selectivity and binding affinity, moreover
having an impact on not only the conformation selection, but also the substrate orientation [49]. Based on
the training set of steroid substrates, two representative interaction features having the maximum
number of substrates with a correct binding mode were selected (Figure 5): (1) Hydrogen-bond donor
(5 key amino acids and 3 vital water molecule); and (2) Lipophilic interaction (lipophilic interaction
with hydrophobic Phe-cluster or toward the heme).

PHE-21
PHE-24 PHE-220
HE—lOﬁHE-W
GLU-308 o O\ @
PHE-304, H.0623 @ H:0619
ILE-30] H.0637

Figure 5. Representative interaction features in CYP3A4 active conformation. Shown
are six hydrogen bonds (three water as spheres and three residues as magenta lines),
six hydrophobic features (blue line) and a heme (ball-and-stick).
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For a comprehensive forecast, the conformations satisfying site-heme distance and one of the key
features were considered as potential sites, which were further ranked by the activation energy to predict
metabolic sites. Since the calculation method in the model contains inaccuracy, if the experimental major
metabolic site were coincident with one of the top three rank positions, it was supposed that the metabolic
sites’ prediction was correct. For those substrates with multiple metabolic sites, as long as one predicted
metabolic site is listed in the top three positions, this will be considered as a correct prediction. To ascertain
the accuracy of our prediction model, the forecast results were compared with the experimental results.
The model was validated by a test set with steroid compounds, as well as other substrate structures.

4. Conclusions

In this study, a comprehensive mechanism-based prediction model combining binding accessibility
and activation energy estimation was established to predict the metabolic sites of steroids in CYP3A4
for the first time. A dataset of 50 CYP3A4 substrates and two major metabolic reactions, including
aliphatic hydroxylation and N-dealkylation, were involved. The established model reliably identified at
least one observed metabolic site of these substrates in the top three positions with an accuracy
of 82.14% for the training set and 86.36% for the test set. All of these data suggested that the
newly established mechanism-based prediction model displayed high predictive accuracy, which
could be used to predict rigid substrates, such as steroids, as well as other CYP3A substrates with
varied skeletons.
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Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/07/14677/s1.
Acknowledgments

This work was supported by the International Science and Technology Cooperation Program of
China (2012DFG32090), the National Natural Science Foundation of China (81403003, 81173124 and
81273590), the 973 Program (2013CB531805) and the National Science & Technology Major Project of
China (2012ZX09506001, 2012Z2X09501001 and 2012ZX10002011).

Author Contributions

Zi-Ru Dai conceived of and designed the study, achieved whole experiments and shared the task of
manuscript preparation. Chun-Zhi Ai, Guang-Bo Ge and Ling Yang contributed to this work through
coaching and discussing Dai’s experiments, who also shared the tasks of the manuscript preparation.
Hui-Zi Man and Yan Jia contributed to supporting Dai’s experiments. Yu-Qi He, Jing-Jing Wu
and Jia-Yue Wang contributed to writing and editing the manuscript. All authors read and approved
the manuscript.

Conflicts of Interest

The authors declare no conflict of interest.



Int. J. Mol. Sci. 2015, 16 14691

References

1.

10.

11.

12.

13.

14.

15.

Brown, D. Unfinished business: Target-based drug discovery. Drug Discov. Today 2007, 12,
1007-1012.

Nakamura, H.; Nakasa, H.; Ishii, I.; Ariyoshi, N.; Igarashi, T.; Ohmori, S.; Kitada, M. Effects of
endogenous steroids on CYP3A4-mediated drug metabolism by human liver microsomes.
Drug Metab. Dispos.: Biol. Fate Chem. 2002, 30, 534-540.

Zaretzki, J.; Bergeron, C.; Rydberg, P.; Huang, T.W.; Bennett, K.P.; Breneman, C.M.
RS-predictor: A new tool for predicting sites of cytochrome P450-mediated metabolism applied to
CYP 3A4. J. Chem. Inf. Model. 2011, 51, 1667-1689.

Rydberg, P.; Gloriam, D.E.; Zaretzki, J.; Breneman, C.; Olsen, L. SMARTCyp: A 2D method
for prediction of cytochrome P450-mediated drug metabolism. ACS Med. Chem. Lett. 2010, 1,
96-100.

Blair, I.A. Analysis of estrogens in serum and plasma from postmenopausal women: Past present,
and future. Steroids 2010, 75, 297-306.

Lewis, D.F.V.; Ogg, M.S.; Goldfarb, P.S.; Gibson, G.G. Molecular modelling of the human
glucocorticoid receptor (hGR) ligand-binding domain (LBD) by homology with the human
estrogen receptor alpha (hER o) LBD: Quantitative structure-activity relationships within a series
of CYP3A4 inducers where induction is mediated via hGR involvement. J. Steroid Biochem.
2002, 82, 195-199.

Yamazaki, H.; Shimada, T. Progesterone and testosterone hydroxylation by cytochromes P450
2C19, 2C9, and 3A4 in human liver microsomes. Arch. Biochem. Biophys. 1997, 346, 161-169.
Rendic, S.; Nolteernsting, E.; Schanzer, W. Metabolism of anabolic steroids by recombinant
human cytochrome P450 enzymes. Gas chromatographic-mass spectrometric determination of
metabolites. J. Chromatogr. B 1999, 735, 73-83.

Wang, Y.H.; Han, K.L.; Yang, S.L.; Yang, L. Structural determinants of steroids for cytochrome
P450 3A4-mediated metabolism. J. Mol. Struct. 2004, 710, 215-221.

Zhang, J.W.; Liu, Y.; Zhao, J.Y.; Wang, LM.; Ge, G.B.; Gao, Y.; Li, W.; Liu, H.T,;
Liu, H.X.; Zhang, Y.Y.; et al. Metabolic profiling and cytochrome P450 reaction phenotyping of
medroxyprogesterone acetate. Drug Metab. Dispos. 2008, 36, 2292-2228.

Siemes, C.; Visser, L.E.; de Jong, F.H.; Coebergh, JW.W._; Uitterlinden, A.G.; Hofman, A.;
Stricker, B.H.C.; van Schaik, R.H.N. Cytochrome P450 3A gene variation, steroid hormone
serum levels and prostate cancer—The Rotterdam Study. Steroids 2010, 75, 1024-1032.

Stevens, J.C.; Hines, R.N.; Gu, C.; Koukouritaki, S.B.; Manro, J.R.; Tandler, P.J.; Zaya, M.J.
Developmental expression of the major human hepatic CYP3A enzymes. J. Pharmacol. Exp.
Ther. 2003, 307, 573-582.

Luu-The, V. Assessment of steroidogenesis and steroidogenic enzyme functions. J. Steroid
Biochem. Mol. Biol. 2013, 137, 176—182.

Rendic, S. Summary of information on human CYP enzymes: Human P450 metabolism data.
Drug Metab. Rev. 2002, 34, 83—448.

Thomas, M.P.; Potter, B.V. The structural biology of oestrogen metabolism. J. Steroid Biochem.
Mol. Biol. 2013, 137, 27-49.



Int. J. Mol. Sci. 2015, 16 14692

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Stjernschantz, E.; Vermeulen, N.P.; Oostenbrink, C. Computational prediction of drug binding and
rationalisation of selectivity towards cytochromes P450. Expert Opin. Drug Metab. Toxicol. 2008,
4,513-527.

Klopman, G.; Dimayuga, M.; Talafous, J. META. 1. A program for the evaluation of metabolic
transformation of chemicals. J. Chem. Inf. Comput. Sci. 1994, 34, 1320-1325.

Jones, B.C.; Hawksworth, G.; Horne, V.A.; Newlands, A.; Morsman, J.; Tute, M.S.; Smith, D.A.
Putative active site template model for cytochrome P4502C9 (tolbutamide hydroxylase).
Drug Metab. Dispos. 1996, 24, 260-266.

Borodina, Y.; Rudik, A.; Filimonov, D.; Kharchevnikova, N.; Dmitriev, A.; Blinova, V.
Poroikov, V. A new statistical approach to predicting aromatic hydroxylation sites. Comparison
with model-based approaches. J. Chem. Inf. Comput. Sci. 2004, 44, 1998—-2009.

Singh, S.B.; Shen, L.Q.; Walker, M.J.; Sheridan, R.P. A model for predicting likely sites of
CYP3A4-mediated metabolism on drug-like molecules. J. Med. Chem. 2003, 46, 1330—1336.
Moors, S.L.; Vos, A.M.; Cummings, M.D.; van Vlijmen, H.; Ceulemans, A. Structure-based site
of metabolism prediction for cytochrome P450 2D6. J. Med. Chem. 2011, 54, 6098—6105.

Liu, R.; Liu, J.; Tawa, G.; Wallgvist, A. 2D SMARTCyp reactivity-based site of metabolism
prediction for major drug-metabolizing cytochrome P450 enzymes. J. Chem. Inf. Model. 2012, 52,
1698-1712.

Sheridan, R.P.; Korzekwa, K.R.; Torres, R.A.; Walker, M.J. Empirical regioselectivity models for
human cytochromes P450 3A4, 2D6, and 2C9. J. Med. Chem. 2007, 50, 3173-3184.

Kirchmair, J.; Williamson, M.J.; Tyzack, J.D.; Tan, L.; Bond, P.J.; Bender, A.; Glen, R.C.
Computational prediction of metabolism: Sites, products, SAR, P450 enzyme dynamics, and
mechanisms. J. Chem. Inf. Model. 2012, 52, 617-648.

Jung, J.; Kim, N.D.; Kim, S.Y.; Choi, I.; Cho, K.H.; Oh, W.S.; Kim, D.N.; No, K.T.
Regioselectivity prediction of CYP1A2-mediated phase I metabolism. J. Chem. Inf. Model. 2008,
48, 1074-1080.

De Graaf, C.; Vermeulen, N.P.E.; Feenstra, K.A. Cytochrome P450 in silico: An integrative
modeling approach. J. Med. Chem. 2005, 48, 2725-2755.

De Visser, S.P.; Ogliaro, F.; Sharma, P.K.; Shaik, S. What factors affect the regioselectivity of
oxidation by cytochrome P450? A DFT study of allylic hydroxylation and double bond epoxidation
in a model reaction. J. Am. Chem. Soc. 2002, 124, 11809-11826.

Olsen, L.; Rydberg, P.; Rod, T.H.; Ryde, U. Prediction of activation energies for hydrogen
abstraction by cytochrome P450. J. Med. Chem. 2006, 49, 6489—-6499.

Guengerich, F.P.; Krauser, J.A.; Johnson, W.W. Rate-limiting steps in oxidations catalyzed by
rabbit cytochrome P450 1A2. Biochemistry 2004, 43, 10775-10788.

Sevrioukova, I.F.; Poulos, T.L. Interaction of human cytochrome P4503 A4 with ritonavir analogs.
Arch. Biochem. Biophys. 2012, 520, 108—116.

Dong, D.; Wu, B.; Chow, D.; Hu, M. Substrate selectivity of drug-metabolizing cytochrome P450s
predicted from crystal structures and in silico modeling. Drug Metab. Rev. 2012, 44, 192-208.
Vasanthanathan, P.; Hritz, J.; Taboureau, O.; Olsen, L.; Jorgensen, F.S.; Vermeulen, N.P.;
Oostenbrink, C. Virtual screening and prediction of site of metabolism for cytochrome P450 1A2
ligands. J. Chem. Inf. Model. 2009, 49, 43-52.



Int. J. Mol. Sci. 2015, 16 14693

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Korolev, D.; Balakin, K.V.; Nikolsky, Y.; Kirillov, E.; Ivanenkov, Y.A.; Savchuk, N.P.;
Ivashchenko, A.A.; Nikolskaya, T. Modeling of human cytochrome P450-mediated drug
metabolism using unsupervised machine learning approach. J. Med. Chem. 2003, 46, 3631-3643.
Sono, M.; Roach, M.P.; Coulter, E.D.; Dawson, J.H. Heme-containing oxygenases. Chem. Rev.
1996, 96, 2841-2887.

Groves, J.T.; McClusky, G.A. Aliphatic hydroxylation by highly purified liver microsomal
cytochrome P-450. Evidence for a carbon radical intermediate. Biochem. Biophys. Res. Commun.
1978, 81, 154-160.

Okazaki, O.; Guengerich, F.P. Evidence for specific base catalysis in N-dealkylation reactions
catalyzed by cytochrome P450 and chloroperoxidase. Differences in rates of deprotonation of
aminium radicals as an explanation for high kinetic hydrogen isotope effects observed with
peroxidases. J. Biol. Chem. 1993, 268, 1546—1552.

Li, D.M.; Wang, Y.; Yang, C.L.; Han, K.L. Theoretical study of N-dealkylation of
N-cyclopropyl-N-methylaniline catalyzed by cytochrome P450: Insight into the origin of the
regioselectivity. Dalton Trans. 2009, 14,291-297.

Bu, H.Z. A literature review of enzyme kinetic parameters for CYP3A4-mediated metabolic
reactions of 113 drugs in human liver microsomes: Structure-kinetics relationship assessment.
Curr. Drug Metab. 2006, 7, 231-249.

Ning, J.; Yu, Z.L.; Hu, L.H.; Wang, C.; Huo, X.K.; Deng, S.; Hou, J.; Wu, J.J.; Ge, G.B;
Ma, X.C.; et al. Characterization of phase I metabolism of resibufogenin and evaluation of the
metabolic effects on its antitumor activity and toxicity. Drug Metab. Dispos. 2015, 43, 299-308.
Ge, G.B.; Ning, J.; Hu, L.H.; Dai, Z.R.; Hou, J.; Cao, Y.F.; Yu, Z.W.; Ai, C.Z.; Gu, J.K.; Ma, X.C.;
et al. A highly selective probe for human cytochrome P450 3A4: isoform selectivity, kinetic
characterization and its applications. Chem. Commun. 2013, 49, 9779-9781.

Ma, X.C.; Ning, J.; Ge, G.B.; Liang, S.C.; Wang, X.L.; Zhang, B.J.; Huang, S.S.; Li, J.K.; Yang, L.
Comparative metabolism of cinobufagin in liver microsomes from mouse, rat, dog, minipig,
monkey, and human. Drug Metab. Dispos. 2011, 39, 675—-682.

Rarey, M.; Kramer, B.; Lengauer, T.; Klebe, G. A fast flexible docking method using an
incremental construction algorithm. J. Mol. Biol. 1996, 261, 470—489.

Yano, J.K.; Wester, M.R.; Schoch, G.A.; Griffin, K.J.; Stout, C.D.; Johnson, E.F. The structure
of human microsomal cytochrome P450 3A4 determined by X-ray crystallography to 2.05-A
resolution. J. Biol. Chem. 2004, 279, 38091-38094.

Williams, P.A.; Cosme, J.; Vinkovic, D.M.; Ward, A.; Angove, H.C.; Day, P.J.; Vonrhein, C.;
Tickle, 1.J.; Jhoti, H. Crystal structures of human cytochrome P450 3A4 bound to metyrapone and
progesterone. Science 2004, 305, 683—686.

Lill, M.A.; Dobler, M.; Vedani, A. Prediction of small-molecule binding to cytochrome P450 3A4:
Flexible docking combined with multidimensional QSAR. Chemmedchem 2006, 1, 73-81.
Narasimhulu, S. Differential behavior of the sub-sites of cytochrome 450 active site in binding of
substrates, and products (implications for coupling/uncoupling). Biochim. Biophys. Acta 2007,
1770, 360-375.



Int. J. Mol. Sci. 2015, 16 14694

47. Lewis, D.F.V. On the recognition of mammalian microsomal cytochrome P450 substrates and
their characteristics—Towards the prediction of human P450 substrate specificity and
metabolism. Biochem. Pharmacol. 2000, 60, 293-306.

48. Smith, D.A.; Ackland, M.J.; Jones, B.C. Properties of cytochrome P450 isoenzymes and their
substrates. 1. active site characteristics. Drug Discov. Today 1997, 2, 406—414.

49. Lewis, D.F.; Jacobs, M.N.; Dickins, M. Compound lipophilicity for substrate binding to human
P450s in drug metabolism. Drug Discov. Today 2004, 9, 530-537.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



