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Abstract Human P450 protein CYP2C9 is one of the
major drug-metabolizing isomers, contributing to the
oxidation of 16% of the drugs currently in clinical use. To
examine the interaction mechanisms between CYP2C9 and
proton pump inhibitions (PPIs), we used molecular docking
and molecular dynamics (MD) simulation methods to
investigate the conformations and interactions around the
binding sites of PPIs/CYPP2C9. Results from molecular
docking and MD simulations demonstrate that nine PPIs
adopt two different conformations (extended and U-bend
structures) at the binding sites and position themselves far
above the heme of 2C9. The presence of PPIs changes the
secondary structures and residue flexibilities of 2C9.
Interestingly, at the binding sites of all PPI-CYP2C9
complexes except for Lan/CYP2C9, there are hydrogen-
bonding networks made of PPIs, water molecules, and
some residues of 2C9. Moreover, there are strong hydro-
phobic interactions at all binding sites for PPIs/2C9, which
indicate that electrostatic interactions and hydrophobic
interactions appear to be important for stabilizing the
binding sites of most PPIs/2C9. However, in the case of
Lan/2C9, the hydrophobic interactions are more important
than the electrostatic interactions for stabilizing the binding
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site. In addition, an interesting conformational conversion
from extended to U-bend structures was observed for
pantoprazole, which is attributed to an H-bond interaction
in the binding pocket, an internal 7=—7t stacking interaction,
and an internal electrostatic interaction of pantoprazole.

Keywords Docking - Molecular dynamics simulation -
CYP2C9 - PPI - Binding site

Introduction

The cytochrome P450 (CYP or P450) enzymes, a super-
family of hemeproteins, play an important role in the
metabolism of many physiologically important compounds
of animals, plants, and microorganisms [1, 2]. Mammalian
CYP enzymes play a central role in the detoxification of
many xenobiotics such as drug molecules, environmental
compounds and pollutants [3—5]. Exploring and under-
standing the factors involved in CYP substrate selectivity
and the interaction mechanisms of CYPs with small drug
molecules are interesting and challenging tasks [2], partic-
ularly for the pharmaceutical and medical industries. To
obtain more information on the role of P450s in drug
metabolism and their application to healthcare, a detailed
knowledge of the P450 structure—function relationship [6]
is essential, and will be helpful for the design and synthesis
of drugs.

CYP2C9, one of the 57 currently known P450 iso-
enzymes [7], is one of the major enzymes responsible for
phase I metabolism of drugs [7]. It is primarily embedded
in the lipid bilayer of the endoplasmic reticulum of
hepatocytes [8], but it also exists in other tissues including
lung, kidney, and the gastrointestinal tract [9]. It accounts
for the oxidative metabolism of about 16% of all
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pharmaceuticals currently in clinical use, and is involved in
drug interactions. Many substrates are metabolized by
CYP2C9, such as anti-inflammatory agents (diclofenac
[10, 11], ibuprofen [12], naproxen [13], and piroxicam
[14]), anticoagulant compounds like S-warfarin [15, 16],
and progesterone [17]. Other drugs metabolized by
CYP2C9 include nonsteroidal anti-inflammatory drugs
(NSAIDs) (including COX-2 selective inhibitors), the
hypoglycemic agent tolbutamide, phenytoin, and the
angiotensin-II receptor antagonist losartan. Inhibition of
this CYP enzyme can lead to undesirable drug—drug
interactions or serious drug toxicity in clinical applications
[7]. Thus, it is important to investigate these inhibitors and
avoid their inverse inhibitory effects or drug—drug interactions
in clinical applications. To understand drug—drug interactions,
we first need to elucidate the interactions of these CYPs with
substrates or inhibitors. For example, the crystal structure of
mammalian CYP2C9 [18, 19] has been used to predict the
interactions between CYP2C9 and inhibitors.

Investigations of P450 and P450-ligand interactions have
been widely performed [20]. Some nitrogen-containing
heterocyclic ligands such as pyridine, imidazole, and triazole
derivatives [21] have been reported to inhibit CYP enzymes
by directly coordinating the heme iron [22]. The crystal
structures of free CYP2C9 and CYP2C9 complexed with the
anticoagulant drug warfarin were first investigated by
Williams and coworkers [18]. A new binding pocket found
by them indicates that CYP2C9 may simultaneously
accommodate more than one ligand, which is useful for
predicting potential drug—drug interactions. The metabolic
sites of 14 compounds that interact with CYP2C9 have been
predicted by Ahlstrom [7] using MetaSite [23], and the most
likely docking pose for each compound has also been
explored. Li et al. [24] have investigated the metabolism of
gliclazide in CYP2C9 and CYP2C19 by homology model-
ing techniques and docking software. They used the crystal
structure of CYP2C9 (PDB code: 1R90) [19] as a template
to build the CYP2C19 model. The refined homology model,
which was further assessed by Profile-3D [25] and the
PROCHECK software [26], was confirmed to be a reason-
able model based on the docking results. Yasuo et al. [27]
established a general scheme for predicting the affinities of
twenty known CYP inhibitors for CYP2C9. Their results
suggested that the scheme was reasonably accurate at
predicting the affinities of small compounds.

So far, X-ray structures have been resolved for free
CYP2C9 [18, 28] and two different substrates (S-warfarin
[18, 28] and flurbiprofen [19]) bound to CYP2C9s and
placed in the Brookhaven Protein Data Bank [29]. Proton
pump inhibitors (PPIs), which have a special affinity for
H', K*-ATPase, are known to be the most effective agents
for suppressing gastric acidity and for treating patients with
acid-related diseases, such as peptic ulcer, gastroesophageal
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reflux disease (GERD) and Zollinger-Ellison syndrome
[30]. Some PPIs (omeprazole, pantoprazole, and rabepra-
zole) are substituted benzimidazole sulfoxides [31, 32] and
undergo extensive hepatic biotransformation [30]. As
reported by Li et al. [33], some PPIs such as lansoprazole,
pantoprazole, omeprazole, rabeprazole, and esomeprazole
have inhibitory effects on CYP2C9. Their results suggested
that pantoprazole, lansoprazole and omeprazole are the
most potent inhibitors of CYP2C9 in vitro, with K; values
of 6, 21, and 15 um, respectively. Rabeprazole and
esomeprazole are weak inhibitors of CYP2C9, and their
K; values are 51 and 81 um, respectively. To some extent,
these PPIs can be metabolized by some P450 (CYP)
isoenzymes in the liver [30]. Therefore, these PPIs have
recently been the foci of many experimental studies [33—
38]. However, the detailed mechanisms for the interaction
of PPIs with CYP2C9 remain elusive. Therefore, studies on
the interactions of PPIs with CYP2C9 are very important
and challenging. In the present work, we use molecular
docking and molecular dynamics (MD) simulation techni-
ques to explore the structures of binding sites for PPIs/2C9
and the interaction mechanisms of PPIs with CYP2C9. At
the binding sites of all PPIs/2C9 except Lan/2C9, there are
interesting hydrogen-bonding networks involving PPIs,
water molecules, and some residues of 2C9, which aid the
stabilization of the binding sites. The present work may
assist in new PPI design.

Computational methods

It is well known that there is one unbound X-ray structure
of CYP2C9 (PDB code 10G2) [18] and two structures with
substrates of flurbiprofen (PDB code 1R90) [19] and
warfarin (PDB code 10GS5) [18]. The structure of 10G5
is similar to that of 10G2, and the difference between
10G2 and 1R90 is that many residues are missing from the
chains of 1R90. Therefore, we choose 10G2 as protein
receptor. The structure of CYP2C9 was taken from the
Brookhaven Protein Data Bank (PDB ID code: 10G2 [18]),
and its secondary structure is shown in Fig. SI-1 of the
“Electronic supplementary information” (ESM). One chain
of the two-chain CYP2C9 structure was focused upon in
the following docking and MD simulations. As mentioned
above, the substrates employed in molecular docking and
MD simulations are nine proton pump inhibitors (PPIs):
disuprazole (Dis), omeprazole (Ome), pantoprazole
(Pan), ilaprazole (Ila), lansoprazole (Lan), rabeprazole
(Rab), leminoprazole (Lem), esomeprazole (Eso), and
tenatoprazole (Ten).

The coordinates of these PPIs were taken from the Drug
Bank [39, 40], and these structures were optimized at the
B3LYP/6-31G(d) level. Frequency analysis was then
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performed, before the ESP charges were determined at the
same level. All quantum chemistry calculations were
realized using Gaussian 09 [41].

Docking studies were undertaken using Autodock 4.0
[42]. The Autodock program was employed to carry out
automated molecule docking in order to predict the
interactions of substrates with biomacromolecular targets
via a number of possible search methods. Meanwhile, the
atomic affinity potential for each atom type was calculated
using various kinds of search algorithms, followed by rapid
energy evaluation to locate appropriate binding sites for
substrates on a given biomacromolecule. During the
molecular docking process, CYP2C9 is kept rigid, but the
positions and torsional bonds of the PPIs are set free. Polar
hydrogens were added to CYP2C9. Kollman united atom
partial charges were then assigned. In the grid maps
calculated by AutoGrid, the chosen grid size comprised
80x80%94 points with a spacing of 0.375 A, which is
sufficiently large to include most of the protein and the
active sites. An empirical free-energy function and a
Lamarckian genetic algorithm were employed during the
process of docking the PPIs to CYP2C9. Two hundred
independent runs were carried out with a maximum of
25,000,000 energy evaluations performed for each ligand.
Other parameters for the genetic algorithms were not
changed. When setting the docking parameters, internal
electrostatic energy calculations were performed. The
docking conformations were clustered according to a root-
mean-square deviation (RMSD) criterion of 2.0 A.

The MD simulations were preformed using the GRO-
MACS package v.3.3.3 [43, 44] and the GROMOS96 force
field [45, 46]. The molecular topology files for the PPIs
were generated by the program PRODRG [47]. For the MD
simulations, the two models (free CYP2C9, CYP2C9—PPIS
complexes) were solvated with the simple point charge
(SPC) water model [48]. In order to keep the systems at a
constant temperature of 300 K, a Berendsen thermostat [49]
was used with a coupling time of 0.1 ps. The pressure was
maintained by coupling to a reference pressure of 1 bar. A
coupling time of 0.5 ps was used for the simulations in bulk
water [49]. The isothermal compressibility was taken to be
45%x107° bar ' for the water simulations. The LINCS
algorithm [50] was used to constrain the bond lengths.
Electrostatic interactions between charge groups at a
distance of 9 A were calculated explicitly. Electrostatic
interactions were calculated by the particle mesh Ewald
(PME) method [51]. The Lennard—Jones interactions were
computed with a cutoff distance of 14 A. For each system,
the simulation cell was a rectangular box, and the minimum
distance between the protein and the box walls was taken to
be 10 A. Periodic boundary conditions were applied, and
the motion equations were integrated by applying the leap-
frog algorithm with a time step of 2 fs. To neutralize each

system, three water molecules were replaced with three Na™
ions in free CYP2CY, or in each PPI/CYP2C9 complex.
These ions were located at the positions of the oxygen
atoms of waters. Finally, the simulation system for free
CYP2C9 contained 4752 protein atoms and 16681 solvent
molecules in a 9.3%9.3x6.6 nm’ box. Each PPI/CYP2C9
system has about 4780 solute atoms and 16680 solvent
molecules embedded in a 9.3x9.3%6.6 nm® box.

During the energy minimization of each system, the
structure of the protein was fixed and all water molecules
and ions in the simulations were minimized using the
steepest descent method in order to satisfy the convergence
criterion of 1000 kJ mol 'nm™'). A position-restrained
dynamics simulation was then carried out on each system.
Water molecules, proteins, and ligands were coupled
separately to a temperature bath of 300 K using a coupling
time of 0.1 ps. Finally, a 10 ns MD simulation was
performed on each system.

Results and discussion

In our calculations, we docked the nine PPIs displayed in
Fig. 1 with CYP2C9. Most of these small molecules have a
benzimidazole ring, a sulfinyl group, and a pyridine ring,
but they differ in their side chains. Among these PPIs, the
aromatic ring of the benzimidazole structure provides the
hydrophobic group, and the imidazole ring, sulfinyl group,
and pyridine ring provide the negative charge centers.

The energy information obtained after docking is listed in
Table SI-1 (see the “ESM”), and the binding sites of the most
favorable docking structures are shown in Fig. 2. The detailed
binding modes of PPIs/CYP2C9 are shown in Fig. SI-2 of the
“ESM.” In Fig. SI-2, amino acids that are 4 A or closer to the
PPIs are displayed. As shown in Figs. 2 and SI-2, nine PPIs
position themselves inside the hydrophobic pocket formed by
Phel00, Leul02, Alal03, Leu 208, Ile213, GIn214, Asn217,
Asnd74, Gly475, Phed476, and Ala477. The PPIs/CYP2C9
studied adopt two different binding modes, as shown in
Fig. 2: (I) PPIs (Dis, Ome, Pan, and Ila) that exhibit extended
geometries (Fig. 2a); (I) PPIs (Lan, Rab, Lem, Eso, and Ten)
that have U-bend structures (Fig. 2(b) ). The PPIs studied
position themselves 10~15 A above the heme of CYP2C9, as
also described in previous results [18]. Here, the structure
with >120° between the pyridine ring and the benzimidazole
or an imidazopyridine ring is called the extended conforma-
tion, while the structure with two nearly parallel planes
between the pyridine moiety and the benzimidazole or an
imidazopyridine moiety is termed the U-bend conformation.
In addition, the PPIs (except for Ila) form hydrogen bonds
with adjacent residues of CYP2C9. Comparing binding
mode I with binding mode II, the orientations of the
benzimidiazole and pyridine groups in the PPIs are different.
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Fig. 1 Chemical structures of
the PPIs included in the
calculations
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We use the favorable docking structures of PPIs/CYP2C9
as the initial conformations of the MD simulations. Ten-
nanosecond MD simulations were then performed on these
complexes to explore the dynamic properties of free CYP2C9
and PPIs/CYP2C9 complexes in water.

In order to examine whether each system stabilizes, the
root-mean square deviations (RMSDs) with respect to the
starting structure of the backbone C, atoms and the total
atoms for the unliganded 2C9, the liganded 2C9, and some
PPIs were computed, and these are shown in Fig. 3. This
figure shows that RMSD values reach stable values after
about 2.5 ns for free 2C9 and most PPIs/2C9. For Ten/2C9
and Pan/2C9, the RMSD values stabilized after 8 and
8.5 ns, respectively. Figure 3b also shows that the
conformation change in Rab/2C9 is relatively large, and
that its RMSD values stabilize after 9 ns. It should be noted
from Fig. 3c that the RMSD values for Dis and Lan tend to
stabilize after 3 and 2 ns, respectively. However, for Ila,
Ten, and Eso, the RMSD curves exhibit obvious changes
during 5~6.5, 3.5~4.5, and 2.0~3.5 ns, respectively, and
remain stable after 6.5, 4.5, and 3.5 ns, thus implying
conformational changes in these PPIs.

It can be seen from Fig 4a that the total-atom RMSD of
pantoprazole undergoes some changes before 3.5 ns before
stabilizing at around 0.17 nm during 3.5~6.5 ns, and then
increasing to ~0.28 nm. This indicates that pantoprazole
undergoes conformational changes at the binding site
(Fig. 4b). As shown in Fig. 4b, the planes of the
benzimidazole and pyridine rings exhibit large flip-flops,
and the distance and angle between benzimidazole and
pyridine gradually reduce. This shows that the extended
conformation gradually converts to the U-bend conforma-
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tion during the simulation. The conformation with an
extended or U-bend structure is characterized by particular
ligand—enzyme interactions and/or internal ligand proper-
ties. For example, pantoprazole in CYP2C9 exhibits an
extended structure after molecular docking, but adopts the
U-bend structure after 10 ns of MD simulation due to its
internal electrostatic interaction between the oxygen atom
of methoxyl and the nitrogen atom of benzimidazole, the H-
bond interaction in the binding pocket, and the internal 7—7t
stacking interaction of pantoprazole.

LIGPLOT was applied to examine the hydrogen bonds
and hydrophobic interactions between Dis and CYP2C9, as
shown in Fig. 5a. It can be seen from Fig. 5a that there are
no direct hydrogen bonds between Dis and the residues of
CYP2C9. However, importantly and interestingly, the
hydrogen-bond bridges of many water molecules join Dis
and the residues of CYP2C9 together, as shown in Fig. Sa.
For example, one strong hydrogen bond forms between the
sulfinyl oxygen O11 of Dis and the water molecule W3431,
and the evolution of its length over time is shown in Fig. 5b.
Water molecule W3413 joins Dis and four residues (Leu208,
Ser210, GIln214, Phe476) together through hydrogen bonds,
which aids the stabilization of the binding site of Dis/
CYP2C9. The nitrogen and oxygen atoms of Dis form four
hydrogen bonds with some residues of CYP2C9 through
water bridges, which may be related to the extended
structure of Dis at the binding site. Figure 5b shows how
the interatomic distances between “heavy” atoms associated
with H-bonds evolve with time. L1 represents the distance
between the oxygen O11 of Dis and the oxygen of W3431;
L2 displays the distance between the oxygen of Leu208 and
the oxygen of W3431; L3 indicates the distance between the
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Fig. 2 a—b Most favorable docking structures of PPIs at the binding
sites of PPIs/CYP2C9. a Binding mode I: PPIs (Dis, Ome, Pan, and
Ila) exhibit extended geometries. b Binding mode II: PPIs (Lan, Rab,
Lem, Eso, and Ten) have U-bend structures. The PPI and the heme
group are shown as sticks. The Fe atom in the heme group is shown as
a ball. Carbon atoms of PPIs are colored orange (Dis), gray (Ome),
sky blue (Pan), pink (I1a), yellow (Lan), pale yellow (Rab), dark green
(Eso), purple (Lem), and pale green (Ten)

amino nitrogen (NE2) of GIn214 and the oxygen of W3431;
L4 represents the distance between the oxygen of Ser210
and the oxygen of W3431; L5 accounts for the distance
between the amino nitrogen and the oxygen of W3431. The
hydrogen-bond distances (L1~L5) stay at around 0.35 nm
after 2.5 ns, which indicates that these hydrogen bonds are
stable over time. Note that on the right side of Fig. 5a there
are hydrophobic contacts between the benzene ring/pyridine
ring of Dis and residues (Phel00, Phe69, Ile213, Pro367,
and Ser209) of CYP2C9. The stabilities of the hydrophobic
interactions between CYP2C9 and Dis may be estimated by
examining the time dependences of the related CM
distances. As shown in Fig. 5c, D1 and D2 represent the
distances between the pyridine ring of Dis and the phenyl
rings of Phe69 and Phel00, respectively; D3 and D4 display
the distances between the phenyl ring of Dis and the main
chains of Ser209 and Ile213, respectively; D5 indicates the
distance from the main chain of Pro367 to the pyridine ring
of Dis. Obviously, D1~D5 remain constant after 2.5 ns.
These stable distances suggest that the hydrophobic inter-

actions help to stabilize the binding site of Dis/CYP2C9.
Moreover, most of the distances represented in Fig. 5b and c
show significant changes before 2.5 ns and remain stable
after 2.5 ns. This behavior is consistent with the results from
the Coc RMSDs of the Dis/CYP2C9 complex in Fig. 3a.
Figure 6 represents snapshots of the hydrogen-bonding
network at the binding site of Dis/CYP2C9 over time. It
can be seen from Fig. 6 that Dis forms a weak hydrogen
bond with Leu208 or GIn214 before 4 ns. Interestingly,
many water molecules move into the binding site of Dis/

a —free2C9 —— Pan/2C9)
——— Dis2C9 ar2C9
0.3 Ome/2Co
7 Wi o
go.z- " anw * A
73]
=
0.0 : ; : :
0 2 4 6 8 10
Time (ns)
b 0.4 free 209 Lem/2C9
Lan/2C9 —— EsoRC9
~Rab2C9 —— Ten2C9
- 0.
£
£
g i
o'o 1 L 1 L
0 2 4 6 8 10
Time (ns)
C 04 p— Eso
——Lan Ten|

Tla

Timc (ns)

Fig. 3 a—c RMSDs from the initial structures of PPIs/CYP2C9 and
some PPIs over time during MD simulations. a Cac RMSD for free
2C9 (blue), Dis/2C9 (red), Ome/2C9 (green), Pan/2C9 (magenta), 1la/
2C9 (cyan). b Cat RMSD for free 2C9 (blue), Lan/2C9 (red), Rab/2C9
(green), Lem/2C9 (purple), Eso/2C9 (deep green) and Ten/2C9
(magenta). ¢ Total-atom RMSDs for Dis (deep green), Lan (red), lla
(green), Eso (orange), and Ten (purple)
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Fig. 4 a Total-atom RMSD of pantoprazole vs. simulation time. b
Superposition of typical snapshots of the structure of pantoprazole
after 0 ns (brown), 2 ns (green), 4 ns (magenta), 8 ns (yellow), and
10 ns (violet) of MD simulation

CYP2C9 during 4~10 ns. Furthermore, several water
molecules in the hydrogen-bonding network always ex-
change with other water molecules over time, as shown in
Fig. 6. It is of little surprise that water molecule W3431
always stays in the binding site and forms hydrogen bonds
with the sulfinyl oxygen of Dis and the residues of
CYP2C9 at 2, 4, 6, 8, and 10 ns, respectively. Clearly, the
presence of these water bridges is important for stabilizing
the binding site of Dis/CYP2C9. Figure SI-3 shows
snapshots of the hydrogen-bonding networks, including
water molecules, in the binding sites of other PPIs/CYP2C9
(except for Lan/CYP2C9) at 10 ns. In order to better
understand the interactions with water in the binding
pocket, the retention times for the waters that interact with
Dis and its surrounding residues were estimated; these are
shown in Table SI-2 of the “ESM.”

However, the binding mode of Lan with CYP2C9
(shown in Fig. SI-4 in the “ESM”) obtained from MD
simulations is different from those of Dis/CYP2C9 and
other PPIs/CYP2C9. As shown in Fig. SI-4a, there are only
two hydrogen bonds between the sulfinyl oxygen of Lan
and the amino N atoms of Phe476 and Ala 477,
respectively. The evolutions of these two hydrogen-bond
distances over time are displayed in Fig. SI-4b. L1 and L2
represent the distances between the O6 atom of Lan and the
N atoms of Phe476 and Ala 477, respectively. These two
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Fig. 5 a Two-dimensional schematic representation of hydrogen- P
bond and hydrophobic interactions. W3090, W3094, W3095, W3343,
W3413, W4313 and so on represent the water molecules that form
hydrogen bonds with Dis. Dashed lines represent hydrogen bonds,
and spiked residues form hydrophobic interactions with Dis. The
length of each hydrogen bond is given in the middle of the dashed
line. b Interatomic distances associated with hydrogen-bond inter-
actions involving Dis at the binding site of CYP2C9 versus MD
simulation time. To enhance the visual clarify, the curves of L2, L3,
L4 and L5 are shifted upward by 0.1, 0.2, 0.3 and 0.45 nm,
respectively. ¢ Center of mass distances associated with hydrophobic
interactions involving Dis at the binding site of CYP2C9 versus MD
simulation time. The curves of D3, D4 and D5 are shifted upward by
0.1, 0.15, and 0.25 nm, respectively

hydrogen bonds are stable during the MD simulation and
have average lengths of 0.30 and 0.28 nm, respectively.
Although there is no relatively stable H-bonding network in
the binding site of the lansoprazole/2C9 complex, there are
a few water molecules that enter the binding site and
interact with lansopraole. An electrostatic interaction
between the oxygen atom of methylenesulfinyl (-CH,SO-)
and the nitrogen atom of pyridine in lansoprazole was
noted, and this may inhibit the formation of an H-bonding
network between waters, lansoprazole, and residues of 2C9.
Figure SI-4a also shows that there are hydrophobic contacts
between the benzene ring and the pyridine ring of Lan and
the residues of Leu208, Ser209, Ile213, Asn217, Phel00,
and Phell4. Figure SI-4c shows how the CM distances
associated with hydrophobic interactions between Lan and
the residues mentioned above evolve over time. DI
represents the distance between the phenyl ring of Phel00
and the phenyl ring of Lan; D2 indicates the distance from
the phenyl of Phell4 to the pyridine ring of Lan; D3 and
D4 display the distances between the imidazole ring of Lan
and the main chains of Leu208 and Ser209, respectively.
D5 and D6 account for the distances between the phenyl
rings of Lan and the main chains of Ile213 and Asn217.
Clearly, the hydrophobic interactions play a relatively large
role in the stabilization of the Lan/CYP2C9 binding site.

There are similar hydrogen-bonding networks in the
binding sites of all PPIs/CYP2C9 complexes except Lan/
CYP2C9, and water molecules enter the binding sites to
interact with PPIs and residues. Although only weak
hydrogen bonds form over time between some PPIs (Rab,
Eso, and Lem) and residues of 2C9, other PPIs form stable
hydrogen bonds with some residues of 2C9. In addition, the
stronger hydrophobic interactions aid the stabilization of
the binding sites of all of the PPIs/2C9 studied.

The average root-mean-square fluctuations (RMSFs) per
residue (shown in Fig. SI-5 of the “ESM”) are calculated
from MD trajectories for unliganded and liganded
CYP2C9. The larger fluctuations corresponding to the
surface regions of the protein are in good agreement with
B-factors for the CYP2C9 crystal structure and the
simulated CYP2C9 structure from Afzelius et al. [52].
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Fig. 6 a—e Snapshots of the hydrogen-bonding networks in the
binding site of Dis/CYP2C9 at different simulation times: a 2 ns, b
4 s, ¢ 6ns, d 8 ns, and e 10 ns. Carbon atoms of residues and Dis are

Residues with RMSFs of >0.25 nm [53] are considered
highly flexible elements of CYP2C9. It can be seen from
Fig. SI-5 that the RMSFs show high flexibility at the B/C
loop, F/G loop, H/I loop and K/L loop regions as well as at
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colored in green and violet, respectively. Each dotted line (black)
indicates a hydrogen bond

the C-terminus for most unliganded and liganded CYP2C9.
Moreover, compared with unliganded CYP2C9, the pres-
ence of PPIs significantly changes the flexibilities of some
residues, as shown in Fig. SI-5.
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The electrostatic potential is an effective tool that makes
it possible to observe intermolecular associations and
molecular properties of drug and receptor molecules [54].
Protein electrostatic properties, which play a major role in
protein movement, molecular recognition and conformation
flexibility, are related to polar and charged residues [55]. In
order to examine the effect of electrostatic interactions on
the binding sites of PPIs/CYP2C9, the electrostatic poten-
tials of the binding sites were calculated, as shown in Fig.
SI-6 in the “ESM.” It can be seen in Fig. SI-6 that PPIs can
form electrostatic interactions with CYP2C9 to some
extent, and that these electrostatic interactions may contrib-
ute to the formation of the binding sites of PPIs/CYP2C9.

The final structures of the binding sites for Dis/2C9,
Lan/2C9 and other complexes after 10 ns of MD simulation
are shown in Fig. SI-7 in the “ESM.” As mentioned above,
in docking calculations under vacuum conditions, we
obtain relatively favorable complex structures (PPIs/2C9)
with binding mode I (for Dis, Ome, Pan, and Ila) and
binding mode II (for Lan, Rab, Lem, Eso and Ten). During
MD simulations of PPIs/2C9 in water, the presence of water
and the flexibility of 2C9 can lead to conformational
changes in the PPIs/2C9. It can be seen from Figs. 2 and SI-
7 that the structures of most PPIs do not exhibit significant
conformational changes. However, pantoprazole appears to
have changed from the extended structure to the U-bend
structure in the binding site, which may be due to particular
ligand—enzyme interactions and internal ligand properties.
The conformational change may correspond to a structure—
activity relationship, although this remains to be confirmed
by experiment.

The structure of ligand-free CYP2C9 has been determined
to 2.6 A resolution using a combination of the hanging-drop
vapor diffusion method and molecular replacement techni-
ques proposed by Williams et al. [18]. When CYP2C9 binds
with PPIs, some parts of the protein undergo marked
conformational changes; that is, the positions or the lengths
of those secondary structural elements are shifted or changed
relative to the corresponding structures in ligand-free
CYP2C9. In order to examine the structural changes of the
protein, we compared the conformations of the ligand-free
CYP2C9 and the PPIs/CYP2C9 after 10 ns of simulation.
Most of the PPIs/CYP2C9 and the ligand-free structures
yield a very similar RMSD of 2.4 A for all Cx atoms.
However, the total Coc RMSDs for Rab/CYP2C9 and Lan/
CYP2(9 are relatively large (~3.0 A). As shown in Fig. 7,
Lan-bound CYP2C9 exhibits significant conformational
changes, including a structural shift, a helix length change,
and a structural transition. The main conformational changes
are observed in the B-C loop, the F-G region, helix E, and
helix I. The hydrophobic residues (including Phel00,
Phe134, Phel68, Phe226, Phe295, Phe419, Phe428, and
Phe476) in most PPI/2C9 complexes exhibit some structural

Fig. 7 Overall structures of free CYP2C9 and Lan/CYP2CO9.
Structures are shown in dark gray with helix A’ (residues 41~45) in
cyan, helix B' (residues 102~105) in yellow, helix D (residues
141~158) in light green, helices F to G (residues 192~253) in red,
helix I (residues 284~315) in green, helix J (residues 317~330) in teal,
helix J' (residues 338~344) in pale cyan, the N-terminal loop (residues
30~40) in blue, and the C-terminal loop (residues 460~490) in pink.
The structure of the complex is superposed on the ligand-free structure
(Protein Data Bank ID code 10G2), shown in light colors. Violet
arrows indicate the direction of coordinate shifts in the helices B, I
and J as well as the F-G region relative to the structure of free
CYP2C9

flip-flops compared with ligand-free CYP2C9 after 10 ns of
simulation. Those phenyl planes on these Phe residues
undergo rotations of approximately special angles (45°,
60°, 90°), and some of the hydrophobic side chains are
exposed to the surrounding water. Compared with ligand-
free CYP2C9, the other two parts of the secondary structural
elements undergo some significant conformational changes:
the coil-like residues 92-95 are changed into a helix-like
structure for Ila-, Dis- and Ten-bound CYP2C9s, and the
coil-like residues 161-164 are transformed into a [(3-sheet
structure for Dis-, Eso-, Ome-, Rab-, Ten- and Lan-bound
2C9s. Some helices, such as A and G, prolong or shorten
several residues by 1-3 compared with ligand-free CYP2C9.
Moreover, there are distortions around residue 169 of the E
helix and residue 299 of the I helix. Distortion of the I helix
was also observed in the CYP3A4/ligand complex [56] and
the P450eryF complex with ketoconazole [57].

Conclusions

To summarize, the binding of PPIs with 2C9 at the atomic
level has been investigated and explored by docking and
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MD simulations, which have revealed interesting features
about this binding. PPIs exhibit two different conformations
(extended and U-bend structures) at the binding site. The
presence of the PPI results in secondary structural changes
and changes in residue flexibility for 2C9. There are
hydrogen-bonding networks for the binding sites of all
PPIs/CYP2C9 complexes except Lan/CYP2C9. Water
molecules enter these binding sites and join the PPIs and
some residues together, which aids the stabilization of the
binding sites. For lansoprazole in CYP2C9, it was found
that there is an electrostatic interaction between the oxygen
atom of methylenesulfinyl (-CH,SO-) and the nitrogen
atom of pyridine in lansoprazole, which may inhibit the
formation of an H-bonding network. Although only weak
hydrogen bonds between some PPIs (Rab, Eso, and Lem)
and the residues of 2C9 evolve over time, other PPIs
studied formed stable hydrogen bonds with some residues
of 2C9. Moreover, there are strong hydrophobic interac-
tions for all of the PPIs/2C9 studied that assist in the
stabilization of the binding site. In addition, a change in
conformation from extended to U-bend structures is
observed for pantoprazole in 2C9, which may be ascribed
to H-bonding at the binding site, an internal 7—7t stacking
interaction, and an internal electrostatic interaction of
pantoprazole. The current work may prove valuable in the
rational design of new PPIs.
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