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Prediction of Small-Molecule Binding to
Cytochrome P450 3A4: Flexible Docking
Combined with Multidimensional QSAR

Markus A. Lill,* Max Dobler, and Angelo Vedani™

The inhibition of cytochrome P450 3A4 (CYP3A4) by small mole-
cules is a major mechanism associated with undesired drug-drug
interactions, which are responsible for a substantial number of
late-stage failures in the pharmaceutical drug-development pro-
cess. For a quantitative prediction of associated pharmacokinetic
parameters, a computational model was developed that allows
prediction of the inhibitory potential of 48 structurally diverse
molecules. Based on the experimental structure of CYP3A4, possi-
ble binding modes were first sampled by using automated dock-
ing (Yeti software) taking protein flexibility into account. The re-
sults are consistent with both X-ray crystallographic data and

Introduction

During multi-drug medication, individual compounds may
compete to be metabolized by the same enzyme(s). This can
lead to undesired drug-drug interactions."” To assess toxic
drug-drug interactions, a quantitative prediction of associated
pharmacokinetic changes would be highly beneficial. The in-
hibition of biotransformations mediated by cytochrome
P450 3A4 (CYP3A4) is considered to be a major mechanism of
undesirable drug side-effects, as this enzyme is responsible for
metabolizing 50-60% of orally administered drugs on the
market, including anesthetics, antibiotics, steroids, and cancer
chemotherapeutics.””? Although CYP3A4 preferentially catalyzes
the oxidation of lipophilic neutral or basic compounds, its
active site—predominantly hydrophobic in nature—is capable
of accommodating a wide range of structures, from simple
and rigid steroids to macromolecules such as cyclosporins.

As the majority of drugs are metabolized by cyto-
chrome P450 enzymes, the interactions of potential new thera-
peutics with CYP3A4 are typically characterized with in vitro
screens as part of pharmaceutical research and development.
This should facilitate the discovery and development of safer
drugs with fewer side effects, minimal drug-drug interactions,
and predictable pharmacokinetic properties. Virtual screening
of new chemical entities for CYP3A4 binding could augment
the pharmaceutical screening process by providing cost-effec-
tive information on metabolism and toxicity.

Herein we present a novel computational approach that
combines flexible docking and multidimensional QSAR to
screen for the inhibitory potential of small molecules. The X-
ray crystal structures of various ligand-CYP complexes®™ dem-
onstrate that water molecules play an essential role in ligand
binding to CYP, and that induced protein fit may facilitate the
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data from metabolic studies. Next, an ensemble of energetically
favorable orientations was composed into a 4D dataset for use
as input for a multidimensional QSAR technique (Raptor soft-
ware). A dual-shell binding-site model that allows an explicit in-
duced fit was then generated by using hydrophobicity scoring
and hydrogen-bond propensity. The simulation reached a cross-
validated r* value of 0.825 and a predictive r* value of 0.659. On
average, the predicted binding dffinity of the training ligands de-
viates by a factor of 2.7 from the experiment; those of the test
set deviate by a factor of 3.8 in K.

binding process. Our computational approach takes both phe-
nomena into account by including explicit water molecules
“on-the-fly” during the docking process and by simulating
local induced fit during flexible docking and multidimensional
QSAR.

Computational Methods
Ligand data and molecular structure building

The structural and pharmacological data for 48 compounds
(Figure 1) interacting with CYP3A4 as substrates or inhibitors
were obtained from Wanchana and co-workers.” The inhibito-
ry effect of these substances on the metabolism of 7-benzyl-
oxy-4-trifluoromethylcoumarin were determined by using a
competitive binding assay with recombinant CYP3A4 on a
rapid microtiter plate as reported by Stresser et al.”! All mea-
sured IC;, values were converted to K; values with the Cheng-
Prusoff relation.”

The 3D structures of all ligand molecules were generated
with MacroModel 6.5 and optimized in hydrophobic solution
(chloroform) with the AMBER* force field.® Atomic partial
charges for the flexible docking study were computed by
using the CM-1 methodology as implemented in the AMSOL
package.”
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Figure 1. Structures of the 48 compounds that interact with CYP3A4 used in the receptor modeling study.

Docking
After completing the missing side chains of residues Lys282,

Glu 283, Thr284, and Glu285 (not resolved in the electron-den-
sity map) by using the PrGen software,'” the X-ray crystal
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structure of the human CYP3A4 enzyme (PDB code: 1TQN),
available at a resolution of 2.05A"™ was relaxed by using
energy refinement with Yeti 7.0"? and molecular dynamics
(MD) simulations with Amber 7.0."¥ The optimized structure
was used as template for automatic docking of the individual
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compounds by using Yeti. The iron—-heme group was modeled
in its oxenoid iron [Fe**--0%7] form. The force field implement-
ed in Yeti includes directional terms for hydrogen bonding and
a metal function, which allows the simulation of charge trans-
fer between iron, oxygen, and the heme nitrogen atoms.”
The 6/12 van der Waals term between the oxygen atom of the
oxenoid iron species and lipophilic, carbon-atom-containing
groups of the ligand molecules was replaced by a specific 10/
12 function (r,=3.0 A, e=—4.0 kcalmol™) to allow close con-
tacts, a prerequisite for complying with the metabolic capabili-
ties of the enzyme.

As CYP3A4 can accommodate a wealth of different sub-
strates (Figure 1), its binding pocket is rather wide and hydro-
phobic in nature. As a consequence, different binding modes
and conformations must be considered for small molecules
binding to it. Moreover, induced fit may facilitate ligand bind-
ing, accommodating compounds that differ as much as a
factor of seven in their molecular volume. To identify the possi-
ble binding modes, we sampled structurally and energetically
feasible arrangements within the binding pocket by using flexi-
ble docking combined with an extended Monte Carlo (MC)
search protocol (Scheme 1) based on a Metropolis selection cri-

‘ Centering ligand in binding pocket

Generating configurations (50)

e « torsional flips (local & global®)
* local rotation & translation
¢ minimum rms deviation from
No better . . . . %
solution after 4 previous/best configuration (1.5 A)
steps => return 10x l
to best solution

Refining energetically lowest configuration
(ligand & binding pocket (6 A zone)

energetically lowest
24x configuration

Solvation (6 A zone around ligand)

3-step refinement

» water molecules

* ligand & binding pocket (8 A zone)
« ligand & binding pocket (12 A zone)

|

Generating configurations (10000)
* global translation (Are \ >2 A)
* global rotation (|Aal+ABHAY] > 90°)

Scheme 1. Flexible docking protocol with an extended Monte Carlo search
(* global means cis-trans flip for sp’>~sp? torsions, trans-gauche™-gauche™ for
sp>-sp° torsions).

terion (Yeti software)'? and by allowing an adaptation of any
protein side chain within 12 A of the ligand molecule.™

After centering a compound in the binding pocket, 50 new
ligand configurations were generated with local translation, ro-
tation, and combined local/global torsion flips. The lowest-
energy ligand—protein complex was refined and served as a
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template for the next MC step. The best previous configuration
was restored if no lower-energy configuration was found after
four MC trials. This permitted a global search without spending
too much time in computation for local sampling of ligand
configurations in unfavorable regions of the binding pocket.
As X-ray crystal structures of various ligand-CYP complexes®
have indicated that water molecules play an essential role in
ligand binding to CYP, the lowest-energy structure of the com-
plex that emerged from this first-pass MC was solvated and re-
fined. An algorithm!® previously developed for the systematic
solvation of proteins based on the directionality of hydrogen
bonds was used for solvating the docked complex. Finally, an
extensive global search for new binding modes provided a
new starting structure for a new first-pass MC run.

As some ligands are expected to have different binding
modes as observed from the metabolic data,"” and as even a
directional force field"” is not perfectly suited for scoring
ligand-protein interactions, we retained and composed up to
four energetically favorable protein-ligand arrangements
(within 10 kcalmol™" of the lowest-energy conformation) into a
4D data set in which each ligand is represented by different
possible conformations, orientations, protonation states, or
stereoisomers. This has been used as input for the multidimen-
sional QSAR technology Raptor 2.0.1"®

Receptor modeling with multidimensional QSAR

Raptor," a receptor-modeling concept developed by our re-

search group, includes the possibility of representing each
ligand molecule as an ensemble of conformations, orientations,
stereoisomers, and protonation states (—4D QSAR), thereby
decreasing the bias in identification of the bioactive conformer.
In addition, it explicitly and anisotropically allows induced fit
by a dual-shell representation of the 3D binding-site model,
onto which the physicochemical properties (hydrophobicity
and hydrogen-bonding propensity) are mapped. The inner
shell is tailored by using the most potent ligand of the training
set; the outer shell accommodates the topology of all mole-
cules from the training set. The adaptation of both field and
topology of the receptor surrogate to each ligand is carried
out by combining a steric adjustment to the topology of the
ligand in question and a component from the attraction or re-
pulsion between ligand and receptor surrogate. The latter is
obtained by correlating the physicochemical properties (hydro-
phobicity and hydrogen-bond propensity) of the ligand-recep-
tor interaction in 3D space. As the mapping of properties onto
the shells cannot be determined unambiguously (different
models with similar predictive power can be identified), Raptor
generates a family of receptor models. Such surrogate families
may be interpreted to represent the various configuration
states of the true biological receptor. The obtained binding af-
finities are averaged over the individual models (10 individual
models throughout this work).

The underlying scoring function for evaluating ligand-pro-
tein interactions includes directional terms for hydrogen bond-
ing (AGypona), hydrophobicity (AGypnop), and terms for the cost
of the topological adaptation (AGy) and changes in entropy
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(TAS)™ upon ligand binding:

AGinding = AGeonstant T AGppong + AGppnop—T AS + AGy (1)

Experimental determination of binding affinity for weak in-
hibitors is often prevented by limited solubility or limited sen-
sitivity. Therefore, only an upper limit (or threshold, t,) for K;
values is accessible. These substances are typically neglected
in QSAR studies, as no finite experimental binding affinity can
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be specified. However, these molecules contain valuable infor-
mation about the receptor binding site: that is, the informa-
tion that they do not bind strongly to the receptor. Particularly,
for the purposes of lead-finding and for estimating the toxic
potential of chemicals, a computational model should also be
able to separate inhibitors of strong and moderate binding af-
finity from low-affinity and nonbinding compounds. Conse-
quently, we extended the Raptor concept with a threshold
option: the optimization algorithm forces the model to repro-

b)

Phe215

= —— Argl06

d)

Phe215

Figure 2. Low-energy configurations of a) amiodarone, b) dapsone, c) diltiazem, and d) quinine bound to CYP3A4 as determined by flexible docking. Color
coding: oxygen =red, nitrogen=blue, carbon=cyan (ligand and heme) or green (protein), sulfur=orange, iodine =purple, hydrogen =white, iron =green.
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duce the binding affinity of the low-affinity and nonbinding
ligand molecules to be lower than the experimental limit.
Clearly, no penalty is added to the lack-of-fit value for com-
pounds which are experimentally measured to bind with an af-
finity lower than a threshold Ki(t,,) value and which are correct-
ly classified during the model optimization. If, on the other
hand, the binding affinity of the ligand is predicted higher
than the threshold value, the lack-of-fit function applies a pen-
alty proportional to AGpging(tur) —AGpinding:

Results and Discussion
Docking

To validate our docking approach against experimental find-
ings, we targeted reproduction of the 3D structure of metyra-
pone bound to CYP3A4™ as determined by X-ray crystallogra-
phy. The second-lowest-energy arrangement identified by the
docking procedure (Yeti software) reproduced the experimen-
tal structure within an root mean square of 0.2 A. Two other
configurations were found within 10 kcalmol™ of the lowest-
energy structure, both of which deviate further from experi-
mental results. Of course, a single comparison is not sufficient
for reliable validation. Owing to the limited crystallographic
data on CYP3A4-ligand complexes (only metyrapone binds
close to the heme group), an indirect validation scheme was
chosen by checking our docking results for consistency against
experimental metabolism data on CYP3A4.

Figure 2 shows low-energy structures of amiodarone, dap-
sone, diltiazem, and quinine as obtained by flexible docking.
Each appears to be in agreement with known metabolism data
(Figure 3).2" The lowest-energy complex of CYP3A4 with amio-
darone (Figure 2a) is formed with ethyl group of the bound

—
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N
diltiazem quinine terfenadine

Figure 3. Structures of amiodarone, dapsone, diltiazem, quinine, and terfena-
dine; arrows indicate the positions of biotransformation by CYP3A4 as deter-
mined experimentally."”2"
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drug in close proximity to the heme oxygen atom (Cey+*Opeme
distance =3.0 A); de-ethylation is considered to be the domi-
nant metabolic reaction of CYP3A4 on amiodarone (Figure 3).
The energetically most favorable complex of dapsone with
CYP3A4 (Figure 2b; N,iinic*Oneme distance =2.7 R) agrees with
experimental results in which the metabolic reaction of
CYP3A4 on dapsone is N-hydroxylation (Figure 3). Diltiazem is
N-demethylated (Figure 3); the second-lowest-energy docking
configuration (Figure 2¢; CerramineOheme distance=2.9 A) is
also consistent with experimental results. In the energetically
most favorable complex of CYP3A4 with quinine (Figure 2d),
the hydrogen atom at the 3 position points toward the heme
oxygen atom (C3--Oy.yne distance=3.0 A) in agreement with
the observed 3-hydroxylation reaction of CYP3A4 (Figure 3).

Figure 2 also indicates the significance of induced protein fit
and water molecules upon ligand binding to CYP3A4. Whereas
Arg 212 is hydrogen bonded to the backbone carbonyl oxygen
atom of lle369 in the amiodarone-CYP3A4 complex (Fig-
ure 2a), Arg212 alters its conformation upon diltiazem binding
(Figure 2¢) to engage in a hydrogen bond with the cyclic thio-
ether sulfur atom of diltiazem. Phe 304 is found in two differ-
ent configurations: an “out” position in the quinine-CYP3A4
complex, in which Phe 304 provides space for four water mole-
cules to accommodate the hydroxy group of quinine (Fig-
ure 2d), and an “in” position in the diltiazem—-CYP3A4 complex,
in which Phe304 forms a m-m interaction with the benzene
portion of the heterocyclic ring of diltiazem (Figure 2¢). The
four complexes also display the flexibility of a phenylalanine
cluster composed of residues 57, 108, 213, and 218 by adapt-
ing to the topology of the ligand present.

Several water molecules are likely to bind to the active site
to stabilize the ligand-CYP3A4 complexes. They either reflect
stripped water molecules surrounding the hydrophilic groups
of the ligands in the hydrophobic portion of the binding
pocket (Figure 2a: accommodating the carbonyl and ether
groups of amiodarone; Figure 2c: the methoxy oxygen atom;
Figure 2d: the hydroxy group of quinine), or are engaged as
hydrogen-bond mediators between ligand and protein (Fig-
ure 2b: linking the amine group of dapsone with the side
chain nitrogen atom and the backbone carbonyl oxygen atom
of Arg106, and between the sulfonyl group of dapsone with
Arg212; Figure 2c: between the ester group of diltiazem and
Glu374).

Figure 4 displays a further example of the low-energy dock-
ing configurations of terfenadine. In the lowest-energy config-
uration (Figure 4a), two of the three tert-butyl methyl groups
are located 3.0 A from the heme oxygen atom. In the third-
lowest configuration (Figure 4a) the two CH, groups vicinal to
the piperidyl nitrogen atom are 3.0 A and 4.3 A apart from the
heme oxygen atom. This is in agreement with available metab-
olism data (Figure 3), which suggests that terfenadine is me-
tabolized to terfenadine alcohol or azacyclonol."” This also
demonstrates that different binding modes of the ligand at
hand are consistent with the present metabolism data, and
that several distinct low-energy complex structures in our
docking approach have to be taken into account for quantify-
ing ligand-protein interactions. Consequently, the different
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a)

b)

Figure 4. a) Lowest-energy and b) third-lowest-energy configurations of ter-
fenadine bound to CYP3A4 as determined by flexible docking. Color coding:
oxygen =red, nitrogen =blue, carbon=cyan (ligand and heme) or green
(protein), hydrogen =white, iron =green.

low-energy ligand orientations have been composed in a 4D
data set and were used as input for the multidimensional
QSAR technology Raptor® to give 192 representations for the
48 molecules.
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Table 1. Predicted versus experimentally determined binding affinities.
Ligand Name pKeet pK;ead ApK;
Test set

1 acetaminophen 3.30 3.60 0.30
2 amiodarone 6.22 6.68 0.46
3 buspirone 5.13 4.86 0.27
4 clonazepam 4.25 3.62 0.63
5 imipramine 4.44 3.83 0.62
6 mifepristone 6.64 5.79 0.85
7 quinidine 4.60 3.93 0.67
8 warfarin 3.98 4.82 0.84
9 caffeine <3.08 1.48 n/a

10 estriol <4.77 5.58 n/a

Training set

1 4-androstene-3,17-dione 3.78 4.58 0.80
12 alprazolam 3.85 4.51 0.66
13 astemizole 5.97 6.30 033
14 benzaldoxime 3.92 3.74 0.18
15 carbamazepine 3.90 4.58 0.68
16 chlorpheniramine 3.63 4.25 0.62
17 clotrimazole 7.95 7.38 0.57
18 clozapine 4.99 5.45 0.46
19 colchicine 4.19 4.75 0.56
20 cyclophosphamide 522 437 0.85
21 dapsone 4.57 4.10 047
22 dextromethophan 4.48 4.71 0.23
23 diazepam 4.42 443 0.02
24 diltiazem 4.58 4.02 0.56
25 [-estradiol 491 4.96 0.05
26 ethynylestradiol 6.11 5.98 0.13
27 haloperidol 471 5.28 0.57
28 ketoconazole 8.52 8.34 0.18
29 lidocaine 3.31 2.72 0.60
30 miconazole 6.80 6.59 0.21
31 midazolam 5.93 5.11 0.82
32 nicardipine 6.89 6.62 0.27
33 nifedipine 5.26 4.79 0.47
34 nimodipine 6.12 6.00 0.12
35 progesterone 4.82 4.40 0.42
36 quercetin 5.18 5.02 0.16
37 quinine 4.72 4.1 0.61
38 sterigmatocystin 6.19 5.55 0.64
39 tamoxifen 5.60 5.66 0.06
40 terfenadine 591 6.36 0.45
41 triazolam 4.27 5.11 0.85
42 verapamil 6.04 6.02 0.01
43 vinblastine 5.24 579 0.55
44 benzo(a)pyrene <5.52 5.67 n/a
45 cortisone <4.00 4.46 n/a
46 dexamethasone <348 3.89 n/a
47 flutamide <3.78 3.86 n/a
48 hydrocortisone <3.18 391 n/a

Receptor modeling with multidimensional QSAR

Our multidimensional QSAR study (software Raptor) was based
on 48 structurally diverse molecules (Table 1): 38 defined the
training set and 10 defined the test set. For seven compounds,
only an upper limit for their K; values was experimentally deter-
mined; these molecules defined the “threshold class” (five in
the training set, two in the test set). Induced fit was taken into
account by the dual-shell concept of Raptor. To allow topologi-
cal and physicochemical variation at the true biological recep-
tor with different ligands bound, the Raptor results were aver-
aged over 10 individual models defining a surrogate family.

ChemMedChem 2006, 1, 73 -81
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Figure 5. Stereo representation of the CYP3A4 binding-site model with ketoconazole bound, as generated by the
Raptor technology (hydrophobic fields =beige, hydrogen-bond-donating propensity =blue, hydrogen-bond-ac-
cepting propensity =red, hydrogen-bond flip-flop =green). The inner shell (solid surface) and outer shell (wire
frame) are shown in different style to highlight the two shells of the receptor model. Only the properties

common among the 10 individual models are displayed.

The simulation reached a cross-validated r* value of 0.825
(with a leave-group-out protocol consisting of five groups) and
yielded a predictive r* value of 0.659. The binding-site model is
depicted in Figure 5. Comparison with the enzyme crystallo-
graphic structure (Figures 2 and 4) shows the predominantly
hydrophobic character of the binding pocket (represented by
Phe57, Phe74, Val81, Phe108, lle120, Phe213, Phe215,
Leu216, Phe 241, lle301, Phe 304, Val 393, and Leu482). The hy-

pKicaICd

pKiexptI

Figure 6. Predicted versus experimental binding affinities for ligand mole-
cules bound to CYP3A4: training set (m), test set (@); threshold compounds:
training set (), test set (o). Error bars represent variations of the prediction
over the 10 individual models.
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drogen-bonding moieties (H-
bond acceptors that mimic the
carboxylate group of Glu374
and the backbone carbonyl
oxygen atoms of Phe213 and
Arg 106, and H-bond donors that
mimic the guanidinium groups
of Arg106, Arg212 and Arg372)
are also well-identified by the
model. Experimental and calcu-
lated K; values are compared in
Figure 6 and Table 1. On aver-
age, the predicted binding affini-
ty of the training ligands devi-
ates by a factor 2.7 from the ex-
perimental result; those of the
test set deviate by a factor 3.8 in
K. The maximum observed devi-
ations of an individual molecule
are 7.0 (training) and 7.1 (test)—
a respectable result, as the test
set includes diverse molecules
that are not similar in structure to any compound of the train-
ing set. All low-affinity and nonbinding molecules were pre-
dicted to bind with affinities close to or weaker than the exper-
imental threshold value. Therefore, the model appears to be
able to separate these molecules from the class of strong in-
hibitors. A series of five scramble tests®? (mean predictive =
0.276) demonstrated the sensitivity of the model family toward
the biological data.

Analysis of the energetic contributions (Equation (1) and
Figure 7) suggests that hydrophobic interactions are dominant
for most ligand molecules in our study: AGyp,, varies from
—1.7 kcalmol™" for the hydrophilic compound quercetin to
—12.2 kcalmol™' for the most affine molecule ketoconazole.
Averaging over all compounds, AG, o, (—6.9 kcalmol™) domi-
nates the contribution of AGgong (—0.9 kcalmol™) by a factor
of eight. However, our analysis indicates that direct and water-
mediated hydrogen-bond interactions may play a significant
role for selected compounds: AGyg,ng approximates AGyphob
for dapsone  (AGugog=—3.3 kcalmol™), ethynylestradiol
(—4.0kcalmol™) and even dominates for quercetin
(=5.7 kcalmol™), consistent with the docking results (Fig-
ure 2b, dapsone). The entropy component TAS associated
with the freezing of a the rotational degrees of freedom for a
given ligand and the energetic cost for induced protein fit (al-
though smaller in absolute magnitude) contributes significant-
ly to the difference in free energy of ligand binding as well.
The binding affinity of the rather flexible molecule terfenadine,
for example, is lowered by 2.3 kcalmol™ as a result of the loss
of rotational entropy.

Conclusions

Our virtual model for the quantitation of small-molecule bind-
ing affinities for CYP3A4 combines flexible docking and multi-
dimensional QSAR, and indicates a significant potential to
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Figure 7. Free-energy contributions: a) hydrophobic (gray) and hydrogen-bonding interactions (black); b) cost for induced fit (gray) and entropy (black);
c) experimental (gray) versus predicted (black) free energies of binding. The ligand numbering corresponds to that in Table 1.
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screen new or hypothetical compounds for binding to CYP3A4
and, indirectly, for possible drug-drug interactions. Our dock-
ing approach was validated against an experimentally deter-
mined complex structure (X-ray crystallography) and known
metabolism data on CYP3A4 for a total of five structurally di-
verse compounds. The consistency of the docking results with
the experimental metabolism data suggests that our proce-
dure may also be used to propose realistic binding modes of
novel compounds. The approach could track down biologically
relevant interactions with the metabolic active center (iron-
bound heme) and could subsequently identify active metabo-
lites of existing or new hypothetical ligands. Analysis of the re-
sults show that induced protein fit and water molecules that
bridge ligand and protein are essential for small-molecule
binding to CYP3A4. Both features have been explicitly simulat-
ed in docking (Yeti software) and model-building experiments
(Raptor software). The study further indicates that besides hy-
drophobic contacts, hydrogen-bonding and water-mediated
hydrogen-bonding interactions play an important role in
ligand-CYP3A4 interactions.

Keywords: ADMET - cytochromes - drug-drug interactions -
molecular modeling - structure-activity relationships
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