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Abstract Human cytochrome P450 (CYP) 3A4 extensively
contributes to metabolize 50% of the marketed drugs.
Recently, a CYP3A4 structure with two molecules of
ketoconazole (2KT) was identified. However, channels for
egresses of these inhibitors are unexplored. Thus, we applied
molecular dynamics simulations followed by channel analy-
ses. Two simulations of empty and 2KT-bound CYP3A4
results revealed the multiple ligand-induced conformational
changes in channel forming regions, which appear to be
important for the regulation of channels. In addition, we
observed that the channel-3 entrance is closed due to the large
structural deviation of the key residues from Phe-cluster. F215
and F220 are known as entrance blockers of channel-2 in
metyrapone-bound CYP3A4. Currently, F220 blocks the
channel-3 along with F213 and F241. Therefore, it suggested
that channel-1 and 2 could potentially serve as egress routes
for 2KT. It is also supported by the results from MOLAxis
analyses, in which the frequency of channel occurrence and
bottleneck radius during simulation favor channel-1 and 2.
Several bottleneck residues of these channels may have
critical roles in 2KT egresses, especially S119. Our modeling
study for multiple ligand-channeling of CYP3A4 could be
very helpful to gain new insights into channel selectivity of
CYP3A4.
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Introduction

Cytochrome P450 (CYP) superfamily members catalyze the
most important monooxygenation reaction and are thereby
involved in the phase I metabolism of various endogenous
and exogenous compounds including drugs and xenobiotics
[1]. Historically, CYPs play a central role in drug
metabolism [2, 3]. More than 90% of the drugs are
metabolized by five of the most important CYP members,
in which human CYP3A4 highly contributes by metabo-
lizing 50% of the clinically used drugs [4]. To date, there
are six CYP3A4 crystal structures available in protein data
bank (PDB) [5–7]. It includes two ligand-free forms (1W0E
and 1TQN) [5, 6] and a CYP3A4 in complex with multiple
ketoconazole (CYP3A4-2KT, 2V0M). The latter one is
evident for simultaneous binding of multiple ligands in
CYP3A4, which displayed dramatic conformational
changes upon ligand-binding [7].

The roles of channels in CYPs are very important for
ligands to access and products to egress from the buried
active site. Several CYP crystal structures offer details of
their channels [5, 6, 8, 9]. The three reported channels
of CYP3A4 are: channel-1 passes through B-C loop,
channel-2 locates between β1 sheet, B-B’ and F’-G’ loops
and channel-3 egress through the Phe-cluster (F108, F213,
F215, F219, F220, F241 and F304) [5, 6]. Although crystal
structures offer structural knowledge about channels, they
could not provide dynamic or conformational changes in
channels that might have been caused by ligand-binding
[10–12]. Molecular dynamics is an alternative and very
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effective technique through which one can gather additional
information regarding the ligand-induced conformational
changes in channel forming regions that can open or close
the channels [8, 10].

The aim of this study is to find out the possible egress
channels for 2KT in CYP3A4. In order to probe the
potential egress channels, molecular dynamics simulations
(MDSs) and channel analyses were performed. Although
steered MDS can provide elaborate perspective of product
egress pathway, it shows great complexity to consider
CYP3A4 with multiple ligands. Therefore, we utilized
conventional MDS and MOLAxis to reveal the fundamen-
tals of CYP3A4 channel’s response to multiple ligands.
Here, empty and 2KT-bound CYP3A4 simulations revealed
the multiple ligand-induced conformational changes in
channel forming regions, which appear to be important for
the regulation of channels. The large deviation of the key
residues from Phe-cluster indicates that it could enforce
channel-3 to close, and thus, opens up opportunity for the
available channel-1 and 2 to have more potential for 2KT
egresses. Identification of channels using MOLAxis [13]
further supports channel-1 and 2 also helps to uncover their
key bottleneck residues.

Materials and methods

Modeling of missing regions and energy minimization

Crystal structures of human CYP3A4 in complex with 2KT
(PDB ID: 2V0M) [7] and ligand-free form (PDB ID:
1TQN) [6] were obtained from PDB (http://www.rcsb.org/
pdb/). It was noticed that the 2V0M structure has missing
G-H (T264-R268) and H-I (N280-K288) loops along with
its regular missing of a few of the N- and C-terminal
residues. 1TQN also has missing H-I loop (K282-E285).
These missing loops were modeled by employing protein
modeling within Discovery Studio (DS) V2.0 [14]. Result-
ing structures were energy minimized using GROMACS
V3.3 [15] by applying steepest descent algorithm with a
tolerance of 2000 kJ mol−1 nm−1. PRODRG web server
was used to construct the ligands topology [16].

MDSs for the empty and the 2KT-bound CYP3A4

The GROMOS96 force field was applied for MDSs [17].
The structures were solvated in a cubic water box (1.2 nm)
with SPC3 [18] water model and periodic boundary
conditions were applied in all directions. All bonds were
constrained using LINCS algorithm [19] and SETTLE [20]
algorithm was used for the water molecules. A twin range
cutoff was used for long-range interactions: 0.9 nm for van
der Waals and 1.4 nm for electrostatic interactions. In order

to neutralize the system, 4 water molecules were replaced
by Cl ions. In total, CYP3A4 and CYP3A4–2KT comprised
of 86045 and 86137 atoms, respectively. To equilibrate
each system, 100 ps MDS was performed with position
restraints. Equilibrated systems were further subjected to
5 ns production MDSs with a time step of 2 fs at constant
pressure (1 atm), temperature (300 K), and number of
particles. The snapshots were collected at every 5 ps for
further analyses. Geometrical properties of protein and
channel distances were analyzed employing tools integrated
with GROMACS.

Analyses for the identification of possible egress channels

MOLAxis is well-known for its accurate identification of
existing biologically relevant channels in macromolecules.
MDS snapshots at every 500 ps were considered to probe
the existence of possible egress channels for 2KT in
CYP3A4 using MOLAxis web server. If a channel was
consistently found in collected frames and coincides with
the previously reported channel in CYPs then it was
considered as one of the possible egress channels for
2KT. Moreover, channel which comprises bottleneck radius
greater than 0.12 nm was considered relevant for ligand
egress [9]. In the channel analyses, all the hydrogen atoms
were included. MOLAxis was allowed to find a high
success rate source point in the center of the main void. The
heme molecule was included as heteroatom. The other
MOLAxis parameters used for this study are: i) resolution
0.5 Å, ii) channels that split from main channel after 4 Å
are neglected, iii) 30 Å bounding sphere radius, and iv)
sphere display limited to 4 Å. The interactive visualization
program Chimera was used to represent channels.

Results and discussion

Multiple ligand-induced conformational changes
in channel-forming regions

In order to provide access or egress pathway for ligands the
protein’s dynamic motions can be essential [10–12].
Furthermore, several CYPs underwent conformational
changes upon ligand-binding [21–23], which were also
illustrated in the CYP3A4–2KT crystal structure [7]. To that
extent, we believe that the conformational changes by
multiple ligand-binding may be essential for the ligand-
channeling in CYP3A4. Therefore, to investigate the
ligand-induced conformational changes especially in the
channel forming regions, geometric properties of CYP3A4
with and without 2KT were analyzed throughout the MDS.

The root-mean-square deviation (RMSD) of the protein
was measured with respect to the initial structure as a
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function of time for the protein Cα-atoms (Fig. 1a). The
plot for the CYP3A4-2KT gradually increased till 0.17 nm
and remained with slight fluctuation for the rest of the
MDS, which indicates that the structure is relatively stable
during MDS. In contrast, RMSD for the 2KT-free form
reached 0.25 nm at 2 ns and maintained till the end of the
MDS. These results suggest that the structural deviations of
CYP3A4 depend upon multiple ligand-binding.

The average root-mean-square fluctuation (RMSF)
results demonstrated the highly flexible and stable regions
of CYP3A4 during MDSs (Fig. 1b). In both systems, the
plastic regions were found to be flexible, including key
channel forming regions B-C loop and F-G (including
helices F, F’, G, G’) region. In general, B-C loop, helices
F-G and their connecting loops were reported as flexible
regions of CYPs [24]. The dynamic motions of these
helices were proved to be involved in opening/closing of
channels thereby helps for ligand entry/exit [25]. The
overall RMSF comparison of two systems denoted that
the plastic regions and a few core regions were relatively
more flexible in the free form than the 2KT-bound
CYP3A4. High fluctuation of the constructed missing
loops, G-H and H-I evidently indicates why these regions
were missing in the crystal structure data. However, the rest
of the protein core regions were stable in the free and
ligand-bound forms. These RMSF results elucidate the
flexible and stable regions of the protein upon multiple
ligand-binding.

To represent the detailed deviation of each structural
element between two forms of CYP3A4, the lowest energy
structures from both the MDSs were selected and their Cα-
atoms were superposed (Fig. 1c). This superimposition
yields overall protein deviation of 0.24 nm, which was
higher than the observed 0.18 nm by X-ray structures
overlay [7]. Superimposition of channel forming structural
elements (region by region) further exhibited the most
predominant conformational changes in B-C loop and F-G
region that deviated 0.34 nm and 0.37 nm, respectively.
Helix I (0.15 nm) and β1 sheet (0.13 nm) are the other
channel forming regions, which also displayed minor
deviations. It is interesting that significant motion were
found in channel neighboring regions, helices B, C, G and
H, and a few β-sheets. Altogether, results of our MDS
analyses evidently demonstrate the deviations of many
structural elements, which are induced by multiple ligand-
binding in CYP3A4. These prominent conformational
changes in channel forming and their neighboring regions
upon ligand-binding indicate that they could be inevitable
for the regulation of channels for 2KT in CYP3A4.

The significant protein-ligand interactions that anchor
the ligands inside the active site of CYP3A4 were
monitored in the course of MDS (Figs. 1d and e). The
KT1 is located above the heme (near channel-1) and
bound to the Fe by its imidazole nitrogen atom [7]. The
distance between the Fe and the nitrogen atom was stable
all over the MDS to keep the ligand in place along with

Fig. 1 Multiple ligand-induced conformational changes in channel
forming regions and key interactions. (a) RMSD and (b) RMSF of
2KT-free and 2KT-bound CYP3A4 are represented in gray and black
lines, respectively. (c) Superimposed lowest energy structures of free
(white) and ligand-bound CYP3A4 (orange), in which arrows

represent channels, heme and KT1 shown as blue sticks, and KT2 as
green sticks. (d) 2D illustration of ketoconazole. (e) Distance between
the nitrogen atom of KT1 imidazole group and the Fe of heme drawn
as gray dotted line and distance between the oxygen atom of KT2 keto
group and S119 depicted in black dotted line
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the other interacting residues (F57, R106, I120, L211,
M371, I300, I301, and L482). The oxygen atom of the
keto group in the KT2 forms hydrogen bond with S119
and the imidazole group of KT2 is located near the
channel-2. This hydrogen bond was highly conserved all
over the MDS and it anchored the ligand together with the
other active site residues (R106, I120, L211, F213, F215,
F220, and L221). A highly conserved S119 is found to be
a key determinant of CYP3A4 specificity, which is
involved in substrate binding or recognition [26, 27]. This
finding is consistent with the role of S119 observed from
our study. We suspect that these ligand-protein interac-
tions are crucial for egresses of 2KT from the CYP3A4
active site.

Distances between the key residues of channels

The channels that are not viewed in the crystal structure could
be opened by dynamic motions [11, 12]. A recent conven-
tional MDS study of CYP3A4 exhibited possible channels
for metyropone egress [28]. In order to predict possible
egress channels for 2KT in CYP3A4, the distance between
center of mass of channel key residues were measured in the
course of MDS for empty and 2KT-bound forms. The six
pairs of key residues, which are residing on opposite sides of
each channel were considered for this calculation:
P107↔I120 and F108↔S119 in channel-1, N79↔P107
and N79↔T224 in channel-2, and F213↔F241 and
F213↔F304 in channel-3.

There was no major change in the distance between
channel key residues of 2KT-free CYP3A4 over the MDS
(Fig. 2a). Likewise, in CYP3A4-2KT, channel-1 and 2
maintained their initial distances (Fig. 2Ba and 2Bb). The
distance analyses results indicate that these channels could
be available for ligand egress in CYP3A4–2KT (in free
form for entry/egress). Conversely, channel-3 distance
(F213↔F241) of CYP3A4–2KT decreased from 1.1 nm
to 0.8 nm and remained (after 800 ps) until the end of MDS
(Fig. 2Bc). This significant decrease in the distance
indicates that channel-3 possibly approaches to its closing
state. This finding disagrees with the results of the other
modeling study of CYP3A4-metyrapone complex, where
channel-2 closed during conventional MDS [28]. A site
directed mutagenesis study of CYP2B1 also uncovered a
similar result [29]. However, few reports have revealed that
CYPs probably provide channels depending upon their
ligands [8, 9, 12]. To that extent, our results indicate that
this protein may provide available channel-1 and/or 2 for
2KT egresses.

Although the distances of these channels appear to be
similar (0.8 nm), the decreasing trend of channel-3 from
its initial structure was mainly taken into account. This is
very similar to the results of the previous MDS study of
CYP3A4-metyrapone complex (closed channel-2 (0.8 to
0.6 nm) and possible open channel-3 (maintained
between 0.6–0.7 nm)) [28]. In this study, the largest
distance (1.4 nm) was observed between the key residues
(F213↔F304) that are located at the inner end of the

Fig. 2 Distances between the key residues in channels. (A) Distances
of 2KT-free form channels. (B) Distances of 2KT-bound CYP3A4
channels. (a) Channel-1, (b) Channel-2 and (c) Channel-3 where,

distance between residues P107↔I120, N79↔P107, and F213↔F241
are represented in black lines and gray lines denote the distance
between residues F108↔S119, N79↔T224 and F213↔F304
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channel-3. Although the inner end of channel-3 appears to
be available during the simulation, the distance between
the key residues (F213↔F241) at the other end of
channel-3 was decreasing, which indicate that this channel
may not be available for ligand egress. It is proved that the

ligand egress required high rupture force and significant
conformational change in order to open channel-3 [28],
which is also not favorable for ligand egress through
channel-3 in our study.

Channel-3 runs through the signature Phe-cluster of
CYP3A4 (between F-F’, G-G’ loops and I helix). Most
of the Phe-cluster residues are located at F-G region
except F108 and F304. The structural deviation of Phe-
cluster residues with respect to their initial position was
analyzed to identify the key elements responsible for
channel-3 gating. The deviation of the key residues F213
and F241 indicates their significance in channel-3 gating
by side chain motion (Fig. 3a). The channel-3 structures
with the highest (20 ps) and the lowest (4290 ps)
bottleneck distances were examined. The result showed
that the distance between F213 and F241 side chains
decreased from 1.1 nm to 0.4 nm. In addition, the overall
deviation of Phe-cluster (Fig. 3a) has increased during
MDS, especially due to the fluctuation of F213, F215,
F220, and F241 (Figs. 3a and b). The distance between
F220 and channel bottleneck residues (F213 and F241)
illustrated that this residue remained in close proximity to
the channel-3 entrance to block the ligands (Fig. 3c).
These findings indicate the importance of Phe-cluster in
the regulation of channel-3 of CYP3A4-2KT. In the
CYP101 F-G region, small backbone motion (2 Å) and
fluctuation of the aromatic residues appeared to act as a
selectivity filter for ligands [9, 10]. The closing of
channel-2 in CYP3A4-metyropone complex was moni-
tored during conventional MDS, which occurred due to
the shift of channel-2 forming structural elements includ-
ing F’-G’ region and F215 and F220 rearrangement [28].
In sum, it indicates that the residue F220 is not only
involved in the closing of channel-2 but also may play a
major role in closing the entrance of channel-3 with other
gating residues of the Phe-cluster. These results suggest
that the residues F213 and F241 together with F220 block
the channel-3 instead channel-2 in CYP3A4-2KT.

Fig. 3 Structural deviations of the key elements in channel-3. (a)
RMSD plot of highly deviated Phe-cluster and channel-3 bottleneck
residues F213 and F241 are depicted in black, dotted gray and dotted
black lines, respectively. Cartoon inside the plot area shows
superposition of the F’-G’ loop structures, which have large (white)
and small (gray) bottleneck distance during MDS. The key residues
are drawn as sticks. (b) F215 and F220 deviations are plotted in gray
and black dotted lines, respectively. (c) Distance between side chains
of F220 and F213 and F220 and F241 are plotted using gray and black
lines, respectively

Fig. 4 Possible CYP3A4
channels for 2KT egresses. The
identified biologically relevant
channels for possible egress at
every 1 ns of 5 ns MDS are
depicted as color spheres:
channel-1 (2e); blue, channel-2
(2b); khaki, 2a; orange, 2c; red
and 2ac; green
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Identification of the possible egress channels for 2KT
in CYP3A4

In most CYPs, channel-2 subclasses are lined by B-C/B-B’
loop, in which channel-2e and 2b are similar to channel-1 and
2 of CYP3A4, respectively [9, 13, 28]. Since channel-3 has
demonstrated its possible closing in MDS, we suspect either
channel-1 or 2 could be the potential candidates to provide
egress path for 2KT. In order to confirm the potential egress
channels, the frequency of channel occurrence was analyzed
for every 0.5 ns snapshots of MDS using MOLAxis. The
bottleneck radius of channels was also considered, because it
indicates the potential openings for ligand entry or egress [9,
13]. Figure 4 and Table 1 illustrate the existence of
biologically relevant channels during MDS. Channel-1 was
frequently identified in all collected snapshots, whose
average bottleneck radius was 0.16 nm (Table 2). In this
channel, the residues R105, R106, S119, and I120 were
found to be involved most repeatedly in the bottleneck
construction. Moreover, channel-2 was also detected in every
0.5 ns snapshots. Average bottleneck radius of this channel
was 0.18 nm, which was slightly higher than channel-1. In
the construction of channel-2 bottleneck, P107 was a
frequent contributor. Channels 2a and 2c have also been
identified in most of the collected snapshots, in which 2a
egress in the vicinity of the F’-G’ loop and 2c runs through
G, I helices and B-C loop. A comparison of average
bottleneck radii of 2a (0.13 nm) and 2c (0.09 nm) suggests

that 2a has a greater possibility to be an egress channel than
2c. L216 and L221 were often involved in the bottleneck
formation of channel-2a.

Channel-3 was not obtained with reasonable ranking by
MOLAxis, thus it was not considered as a potential egress
channel even in the initial phase of MDS. We believe that
this might be due to the intrusion of the residues that form
subclasses of channel-2 (2a and 2c, neighbors of channel-
3). According to the frequency of channel occurrence,
average bottleneck radius and the position of ligands
(Fig. 1c), we speculate that channel-1 and 2 could be the
most possible egress channel providers for KT1 and KT2,
respectively. Nevertheless, there may be a possibility for
both ligands to egress through the same channel (1 or 2).
Although channel-2a and 2c have high frequency of
occurrence (located near ligands), yet the bottleneck radii
of these channels have been decreased over the MDS.
Therefore, they have very low possibility to serve as egress
routes for 2KT.

S119 play a key role in CYP3A4 ligand-specificity [26,
27]. In addition to the preserved hydrogen bond between
S119 and the ligand (Fig. 1e), channel analyses revealed
this S119 as a bottleneck residue (Table 1). These results
indicate that this residue could play significant role in
multiple ligand-channeling of CYP3A4. Most of the
identified bottleneck residues from MOLAxis analyses are
compatible with the key residues that are used for distance
analysis of channels, which could be critical for the

Table 2 Bottleneck radius for the identified channels of CYP3A4

Channel Bottleneck radius (BR) (nm) Average BR (nm)

0ns 0.5ns 1ns 1.5 2ns 2.5 3ns 3.5ns 4ns 4.5 5ns

1 (2e) 0.16 0.14 0.12 0.16 0.16 0.15 0.18 0.15 0.15 0.21 0.16 0.16

2 (2b) 0.13 0.23 0.2 0.17 0.22 0.2 0.11 0.14 0.21 0.2 0.13 0.18

2a 0.13 0.16 0.16 0.15 0.17 - - 0.09 - 0.1 0.07 0.13

2c 0.12 0.11 - 0.06 0.12 0.09 0.09 0.08 0.08 - - 0.09

2ac - - - 0.07 - - - - 0.09 - 0.08 0.08

Table 1 The possible egress channels for 2KT in CYP3A4 identified by MOLAxis from MDS snapshots

Channel Frequency of occurrence in simulation Bottleneck residues

Time (ns) Most repeated 2nd most repeated

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

1 (2e) 1 1 1 1 1 1 1 1 1 1 1 R105, R106, S119, I120 F108

2 (2b) 1 1 1 1 1 1 1 1 1 1 1 R106, P107 Q79

2a 1 1 1 1 1 - - 1 - 1 1 L216, L221 I50

2c 1 1 - 1 1 1 1 1 1 - - F113 L293, V296

2ac - - - 1 - - - - 1 - 1 - V111, F241
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regulation of channels in CYP3A4–2KT. Moreover, our
channel analyses suggest that the residues A105, A106,
F113, L216, and L221 are also important for the egresses of
2KT.

Biologically relevant egress channels for 2KT

MDS studies of several CYPs [8, 9, 11, 30] and X-ray
structure study of CYP51 [31] supported the channel-1 to be
a potential passage for ligands. In particular, a recent
modeling study of CYP3A4 proposed that channel-1 can
serve as an egress route for the inhibitor, metyropone [28].
Therefore, this channel-1 appears to be one of the most
possible egress channels for another CYP3A4 inhibitor
ketoconazole. In bacterial CYPs, 101 [32] and 102 [33]
have a channel between F-G loop and β1 sheet that is similar
to channel-2 in CYP3A4. MDSs of these bacterial CYPs
elucidated that they could allow ligands to pass through this
channel by shifting B-C loop away from F-G loop. This
channel-2 was also detected as a secondary egress route
provider for products in few mammalian CYPs [9]. While
considering these findings we speculate that the channel-2 in
CYP3A4 might serve as another egress channel for multiple
ligands. The observed subclasses of channel-2 in CYP3A4–
2KT (2b, 2a, 2c and 2ac) are commonly identified in other
CYPs. In particular, various MDSs and experimental data
signify the ability of channels 2a and 2c to open up for
ligand egress [10–12]. The merging of these sub channels
was also frequently noticed [9]. Our results for channel-3
along with the finding of closed channel-2 from the
CYP3A4-metyropone study suggest that the key Phe-
cluster residue F220 appears to be vital for both channel-2
and 3 gating. However, anyone can be blocked at a time.
Here, it is channel-3.

Although available channels for 2KT in CYP3A4 shows
maximum bottleneck radius of 0.21 nm or 0.23 nm
(Table 2), deviations of channel structural elements could
be the key to open up the channel further for egress when
the ligands approach their entrances. Furthermore, all the
above channels are depended on the highly flexible B-C
and F-G loops [9]. Our MDS results illustrated that the
structural deviation of Phe-cluster (F-G loop) closed
channel-3. It also revealed the deviation of other channel
forming regions (B-C loop), which could help 2KT egresses
through channel-1 and 2. Therefore, the conformational
changes of these loops can determine the proper egress
channels for multiple ligands.

Conclusions

Our molecular modeling study suggests that channel-1 and
2 of CYP3A4 could serve as possible egress channels for

2KT. Additionally, the other subclasses of channel-2 (2a
and 2c) might have very low possibilities. Several bottle-
neck residues are expected to play key roles in 2KT
egresses from the active site. However, channel-3 may not
be a potential egress route for both inhibitors due to the
gating of three Phe-cluster residues. This indicates that
CYP3A4 may use channel-1 for egress (single or multiple
ligands) as it used for metyrapone egress [24]. Conversely,
it shows different behavior by closing channel-3 (channel-2
in CYP3A4-metyrapone) and leaving channel-2 as another
possibility for multiple ligands egresses. These findings
have led us to propose that this protein can provide
different egress channels for multiple ligands. The current
study has important implications for understanding the
channel selectivity of CYP3A4 for multiple ligands.
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