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ABSTRACT: The human bile salt export pump (BSEP) is a membrane
protein expressed on the canalicular plasma membrane domain of
hepatocytes, which mediates the active transport of unconjugated and
conjugated bile salts from liver cells into bile. Genetically inherited
defects in BSEP expression or activity causes cholestatic liver injury, and
many drugs that cause cholestatic drug-induced liver injury (DILI) in
humans have been shown to inhibit BSEP activity in vitro and in vivo,
suggesting that this could be one of the mechanisms that initiates human
DILI. The relationship between BSEP inhibition and molecular
physicochemical properties has been previously investigated, identifying
calculated lipophilicity and molecular weight to be significantly
correlated with the BSEP inhibition. Predictive BSEP classification
models, constructed through multiple quantitative structure−activity relationship modeling approaches, exhibit significant
anomalies with differences in experimental IC50 values of three orders of magnitude for molecules of the same calculated
lipophilicity and molecular weight. The interaction of these molecules with the lipid bilayer membrane has been identified as a
major contributory factor to BSEP inhibition. In this study, we apply unbiased molecular dynamics simulations to study the
permeation times as well as orientation preferences of BSEP inhibitors in two different lipids (saturated DMPC and unsaturated
POPC). The simulations reveal that strong BSEP inhibitors have the slowest permeation times, in both POPC and DMPC, with
a secondary conclusion that the time of permeation is more rapid in POPC than DMPC. The orientation of the molecules in
the membrane reveals strong correlation with the chemical structure; molecules containing only hydroxyl and carboxylic groups
orient themselves perpendicular to the membrane, whereas molecules containing nitrogen atoms exhibit no orientational
preference in respect of the membrane. Finally, H-bonding interactions computed between the molecules and the membrane
reveal the specific location of the molecules within the membrane.

■ INTRODUCTION

Bile is a vital secretion that contains bile salts, phospholipids,
and electrolytes and is essential for the digestion and
absorption of lipids in the small intestine; an additional
important function is that it eliminates waste products such as
toxins, particularly, carcinogens from the blood. Bile flow is
dependent on the active transport of these constituents across
the calicular membrane into biliary canaliculi. The bile salt
export pump (BSEP) is located in the canalicular membrane of
the hepatocytes, and it is an adenosine triphosphate-binding
cassette (ABC) transporter, which in combination with the
multidrug resistance protein 3 (MDR3) and the multidrug
resistance protein 2 (MRP2) is responsible for the active
transport of bile constituents into the canalicular space.1 From
there, bile flows through the common bile duct and enters the
duodenum where the bile salts emulsify fat.2 Cholestasis is a
condition associated with the disruption of bile formation or
flow from the liver to the duodenum and there is a direct link
between ABC-transporters and liver toxicity as they play an
important role in bile formation and in cholestasis. It has been
reported that constituents of these, such as bile acids, can cause
serious damage to the hepatocytes and the bile duct cells,

which may lead to inflammation, fibrosis, cholestasis, and
potentially also cancer.3,4 Additionally, it has been reported
that the interplay between BSEP and MDR3 is critical for the
formation of the bile salt micelles and suggests that inhibition
of BSEP is clearly linked to drug-induced liver injury (DILI).5

There are several therapeutic drugs that are known to induce
cholestasis and were withdrawn from the market as they cause
hepatotoxicity.6−8

Despite extensive research to better understand the
mechanism of DILI, it has not yet been fully elucidated. The
occurrence of DILI can be affected by different properties of
compounds that can inhibit BSEP as well as the individual
phenotypic characteristics possessed by the patient. Thus, it is
necessary to identify compounds that can inhibit BSEP in the
early stages of the drug development process which can be
achieved using molecular modeling techniques. A large number
of computational studies have been performed with the aim of
predicting transporter−compound interactions.9−14 Recently,
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machine learning approaches have been developed to predict
inhibitors of BSEP.15−17 In these studies, a variety of methods
have been applied using large datasets such as molecular
interaction field analysis, recursive partitioning, and naive
Bayes categorization and Bayesian classification models using
ECFP_6 fingerprints.18−20 Several studies have been per-
formed that have focused on the development of combined
QSAR and pharmacophore models as well as virtual screening
techniques. Pharmacophore models based on known inhibitors
(P-pg, BCRP, and BSEP) were created and were screened
against a set of compounds including commercial drugs in
order to assess BSEP inhibition statistically.21−23 Studies of
BSEP inhibitors based on a QSAR model were described by
Saito et al.24 In this study, a high-speed screening method and
a QSAR strategy were introduced which is useful for
identifying possible inhibitors. However, the accuracy of the
QSAR analysis performed needs to be improved to achieve a
better description of the mechanism of BSEP inhibition.
Warner et al. described a QSAR model study of potential BSEP
inhibitors that correlated the molecular weight (MW) and
calculated clog P values of each compound with the
experimentally observed IC50.

25 One important finding from
this study was that calculated lipophilicity and molecular size
are significantly correlated with BSEP inhibition. However,
these methods do not describe accurately the molecular
diversity of these ligands, and a better understanding of the
molecular basis is necessary to identify the mechanism of how
these ligands inhibit BSEP.

Twelve inhibitors that were examined in the study by
Warner et al.25 exhibit significant anomalies with differences in
experimental IC50 values of three orders of magnitude for
molecules of the same calculated lipophilicity (clog P) and
MW, which form the case study compounds for this paper;
Figure 1 displays their structures and the corresponding
experimental IC50, MW, and calculated clog P’s, with the most
potent inhibitors highlighted in orange. These inhibitors are
categorized into four different sets. In the first set (SET1),
three inhibitors [salicylamide (2), bismuth subsalicylate (3),
and AZ2 (4)] induce a 3-fold drop in BSEP inhibition activity
despite the slight increase of the clog P compared to the most
potent inhibitor mesalazine (1) contrary to the QSAR
predictions; these four molecules are characterized by their
low MWs of ∼150 MW and the high degree of similarity in
respect to the functional groups attached to the benzene ring
scaffold. SET2 consists of planar aromatic molecules which all
contain a carboxylic acid functional group attached to a fused
aromatic ring, an extended alkyl chain and for two [AZ87 (5)
and proxicromil (7)] a hydroxyl functional group, there is a 20-
fold drop in BSEP inhibition proxicromil (7) > AZ74 (6)
which differ only in the presence/absence of a hydroxyl group.
The molecules which comprise SET3 are characterized by the
presence of nitrogen atoms in their structure and the absence
of any oxygen atoms with exception of the methoxy group in
mepyramine (8), and there is for SET2 a 20-fold drop in BSEP
inhibition between mianserin (9) and antazoline (10) where
the differences between their MW and clog P values are very

Figure 1. Twelve inhibitors of BSEP, their experimental IC50, and clog P values obtained from QSAR model study. Highlighted in orange is the
most potent inhibitor for each series.

ACS Omega Article

DOI: 10.1021/acsomega.8b02271
ACS Omega 2019, 4, 3341−3350

3342

http://dx.doi.org/10.1021/acsomega.8b02271


small. Finally, for SET4, there is a 30-fold drop in BSEP
inhibition despite an increase of clog P for propranolol (12)
compared to mepindolol (11); the MWs of the two
compounds are extremely similar and in respect of their
chemical structure and they both contain the same conforma-
tionally flexible extended alkyl chain attached to the aromatic
component of the molecule.
A recent study by Ferreira et al.26 employed molecular

dynamics (MD) simulations with the aim of refining homology
models, and an important outcome of this study indicated that
the number of the interactions between several ligands and the
drug-binding sites might facilitate the distinction between
inhibitors and substrates. Currently, no crystal structure of
human BSEP has been determined and so it is not possible to
adopt a similar approach to that of Ferreira et al.26 The lack of
structural information for BSEP requires the identification of
suitable metrics that could be used to identify and quantify
potential inhibitors. It would be logical to assume that the
availability of the inhibitor at the interface between the
aqueous phase and the outer leaflet of the membrane would
represent a suitable metric in the evaluation of a ligand’s
inhibitory potential; the assumption being that ligands which
insert into and traverse the membrane quickly into the
cytoplasm would be less available to interact with membrane
proteins. To address this question we have applied a novel
methodology, unbiased MD simulations, to investigate the
behavior of the inhibitors with a lipid membrane to examine
how they permeate and subsequently interact within a lipid
environment. In contrast to traditional methods for assessing
the permeation profile of a ligand with a lipid membrane, the
method is extremely computationally efficient when compared
to techniques such as the potential of mean force (PMF)
approach. One PMF calculation requires 1200 h of computa-
tional time to perform as opposed to 15 h for one simulation,
one run, using our protocol, 10 runs, therefore requiring 150 h
of computational time, an order of magnitude quicker than
PMF. It is common practice in experimental investigations of
ligand interactions with lipid bilayers to use model bilayer
systems; lipids used in such studies include DOPC, POPC,
DMPC, and DLPC. Therefore, for the inhibitors examined in
this study, we have also chosen to investigate the sensitivity of
our method in respect to the characteristics of the lipid bilayer;
we have chosen two physiological and experimentally relevant
lipids, POPC, which possesses unsaturated lipid hydrocarbon
tails, and DMPC in which the lipid hydrocarbon chains are
saturated. Both lipids are composed of the same choline
headgroup and phosphate glycerol unit, as shown in Figure 2,
therefore presenting the same electrostatic and chemical
functionality at the lipid−aqueous interface.

■ RESULTS
Initial Permeation of Inhibitors in the Two Different

Lipid Bilayers. The average times of the 10 repeats of the
initial permeation times of each of the 12 different inhibitors in
two different lipid bilayer systems are illustrated in Figure 3.
From the results, a reasonably good correlation and
consistency is obtained for the initial time the inhibitors
permeate into the bilayer. The first observation is that the most
potent inhibitors from the four different sets of molecules
require more time to diffuse into the bilayer and that there is a
clear distinction in the times taken for the inhibitors to
permeate into the different lipid bilayers. For 1, 7, 9, and 11,
the most potent BSEP inhibitors, their speed of permeation in

POPC is significantly slower than that for the other inhibitors
in their respective sets. The behavior of the same inhibitors in
DMPC is less resolved in comparison with other members of
the same set; in addition, the permeation times for all of the
compounds are consistently higher than that in POPC;
however, the same general trend as for POPC is observed.
The error bars were calculated through the standard error of
the mean method and represents how far the sample mean
deviates from the true population mean. The greater variability
in the permeation times for the DMPC simulations could be
the result of the stochastic nature of the insertion of the
inhibitor into the membrane. Alternatively, the larger error
bars for DMPC could be the result of the differences of the
packing of the lipid chains. It is known that increased chain
flexibility associated with unsaturated lipids compared to
saturated27 ones results in much lower order parameters for
the tails indicating significantly lower rigidity, and this may
impact the variability of the initial permeation times into the
bilayer.
It must be noted that as the computational technique we

have performed is stochastic, the time when the inhibitor is
inserted into the bilayer may vary, so we have recorded the
fastest initial times that the inhibitors permeate into the
bilayer. Additionally, the Supporting Information includes the
results of the three most representative repeats; similar results
were obtained for the rest of the repeats. One final observation
from the data in Figure 3 is that, for both POPC and DMPC,
the order of the rate of permeation for the four most potent
inhibitors is correlated with their experimental IC50 values. The
rate of permeation, slowest to fastest, is proxicromil (7) 17
ns:25 ns IC50 30 μm > mepindolol (11) 14 ns:22 ns IC50 36
μm > mianserin (9) 13 ns:19 ns IC50 47 μm > mesalazine (1)
10 ns:16 ns IC50 381 μm, and the values delineated by a colon
indicate the average permeation time in nanoseconds (ns) for
POPC and DMPC, respectively, with the IC50 value being the
experimentally determined value.
A further aspect of the permeation process of the inhibitors

into the lipid bilayers is their preferred location within the
bilayer. Most of the inhibitors examined preferred to oscillate
in the region between the phosphate and the glycerol region
with a major preference for the glycerol region; it should be
noted that once an inhibitor had achieved permeation as
defined by our metric, they did not traverse back into the
aqueous phase. The inhibitors when they traverse to the
hydrocarbon tails immediately recoil back to the glycerol
region. The preferred location of the inhibitors is in the

Figure 2. Initial position of the inhibitor membrane to start up the
simulations. The chemical structure and composition of the two lipids
used (POPC and DMPC).
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phosphate-glycerol region in the lipid bilayer which is also
discussed later in the H-bonding analysis section.
Orientation Preferences of the Inhibitors into the

Membrane. An important factor in the permeation process of
the inhibitors into the membrane is the orientational
preferences of the molecules. In this study, the orientational
preferences of the 12 different inhibitors were monitored when
the inhibitor travels through the different regions of the lipid
bilayer. The criteria used to monitor the orientation
preferences were the orientation of the phenyl group of the
inhibitors either in horizontal and perpendicular position in
respect to the z-dimension of the lipid bilayer. Figure 4

presents the orientation preference notation used in this study.
An additional feature that emerges from this analysis is the
conformational orientation of the set 4 inhibitors (inhibitors
11 and 12) either in the extended or folded conformation.
Table 1 illustrates the orientational preferences found as an

average of the 10 repeats. An observation emerging from Table
1 is the role of inhibitors that contain nitrogen atoms.
Inhibitors with only carboxyl or hydroxyl groups in their
chemical structure prefer to orientate in the lipid bilayer in a
perpendicular position. In contrast, inhibitors that contain only
nitrogen atoms or nitrogen and carboxyl or hydroxyl in their
chemical structure have no distinct preference in either the
horizontal or perpendicular position. The inhibitors show the
same behavior in both lipids with the singular discrepancy of
the inhibitor 12 in DMPC in which it prefers to retain a more
perpendicular orientation along the Z dimension of the bilayer.
For the compounds that contain long conformationally flexible
tails in their structure (11 and 12), the results show that in
both lipids, both inhibitors prefer to orient themselves in an

extended form as they fail to keep a folded conformation in the
bilayer for a constant period of time; this was examined
through the distance between the carbon of the aromatic ring
and the amino nitrogen of the extended structure. All the
distances calculated through the simulation are illustrated in
Figure S1 in the Supporting Information. It can be observed
that there are intervals through the simulation that the
inhibitors adopt a more folded structure in the bilayer and this
is observed more frequently for the inhibitor that contains the
indole group (inhibitor 11). This is verified from Figure S1 in
Supporting Information as the distance between the amino
group in the backbone and the indole ring has been reduced by
4 Å. The orientational preference was computed for the
inhibitors that contain more than one aromatic group in their
structure. It was observed (Figure S1 in the Supporting
Information) that aromatic compounds that contain nitrogen
atoms present a rapid change in the corresponding angle which
results in nitrogen-containing aromatic rings rotating more
rapidly inside the bilayer. In contrast, the aromatic rings that
do not contain nitrogen atoms retain either a horizontal or
perpendicular position for a longer period during the
simulation time. For the inhibitors that contain more than
one aromatic ring in their structure, they are separated as all

Figure 3. Initial permeation times (in ns) (average of the 10 repeats) of the 12 inhibitors to diffuse into the gel phase of the bilayer (most potent
inhibitors highlighted in gray).

Figure 4. Definition of the orientation the inhibitors prefer when they
are diffused into the bilayers. (a) Inhibitors perpendicular to the z-axis
of the bilayer. (b) Inhibitors horizontal to the z-axis of the bilayer.

Table 1. Orientation Preferences (as an Average of Ten
Repeats) of the Twelve Inhibitors into the Lipid Bilayer
through the Simulationa

inhibitor POPC DMPC functional group

SET1 1 H/P H/P NH2/OH/CO
2 H/P H/P NH2/OH/CO
3 P P OH/CO
4 P P OH/CO

SET2 5 P P OH/CO
6 P P OH/CO
7 P P OH/CO

SET3 8 H/P H/P N/OCH3

9 H/P H/P N
10 H/P H/P N

SET4 11 H/P H/P NH/OH/O/NH(indole)
12 H/P P NH/OH/O

aH: horizontal, P: perpendicular, H/P: molecule oriented in either
horizontal or perpendicular position (no distinct preference).
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connected with a single bond to a nitrogen atom (inhibitors 8
and 10)
From analysis of the simulations the flip rate of the aromatic

compounds, that is the frequency that they exhibit a 180°
reorientation during the simulation, has also been identified as
a further feature to distinguish the inhibitors. Figure 5 shows
the rate at which the inhibitors flip in the bilayer (average
number from the 10 repeats); these data were computed from
the last 40 ns of each of the repeats performed. From Figure 5,
comparing the flip rates for the simulations in POPC, it can be
seen that for set 1, the most potent inhibitor 1 exhibits the
lowest flip rate within its set, and for set 2, the data are less
resolved with inhibitors 6 and 7 having equally low flip rates,
inhibitor 7 being the most potent of the two. For set 3, there is
unequivocal separation between inhibitor 9, the most potent,
and the other two inhibitors in the set, and finally for set 4,
inhibitor 11, the most potent, has again the lowest flip rate,
though there are only two inhibitors in this set. Analysis of the
flip rates in DMPC does not exhibit, with the exception of set
3, any clear correlation of a low flip rate with potency of the
inhibitor.
Hydrogen Bonding Network and Preferred Location

of Inhibitors into the Bilayer. In addition to the computed
initial permeation times for the 12 inhibitors, hydrogen
bonding analysis was performed to monitor the main
interactions of the specific inhibitor within the different
regions of the lipid components. Hydrogen bonding was
identified from the following criteria: the distance between the
hydrogen and the acceptor was less than 3 Å and the angle
between the donor, the hydrogen, and the acceptor was smaller
than 20°. The total H-bonding interactions of the ligand with
the specific regions of the lipid through the simulations are
presented in Figure S2 in the Supporting Information. A
general principle has been identified that the inhibitors
throughout the simulation prefer to be located between the
glycerol and phosphate region of the lipid bilayer. It can also be
observed that for the nitrogen-containing inhibitors, they
translocate from the choline to the lipid tails at a faster rate
than the oxygen-containing inhibitors; while the oxygen-
containing inhibitors prefer to be located almost permanently
within the glycerol-phosphate region. Another observation is
that the majority of the inhibitors when they diffuse into the
bilayer move rapidly past the choline region and integrate

strongly in the glycerol-phosphate region. The only difference
observed in the behavior of the inhibitors between the two
lipids is that they more frequently integrate into the
hydrocarbon tails in DMPC than POPC. Finally, it is observed
that the nitrogen-containing inhibitors present an increased
hydrogen bonding activity than the rest of the inhibitors
examined.

Comparison of Permeation Coefficients with the clog
P Values Obtained from QSAR Studies. The permeability
coefficients of the inhibitors of BSEP were calculated and
compared with the clog P values obtained from the QSAR
model described25 by Warner. Figure 6 shows the correlation
obtained between the calculated permeability coefficients and
the predicted clog P values. The comparison revealed a
relatively good agreement of the coefficients obtained with the
clog P values. As a permeability event, we count the event
where the inhibitors diffuse once into the bilayer and remain
there for the rest of the simulation, and for all the repeats
performed, we never observe that the permeant diffuses back
and out of the bilayer.
The only disagreement observed seem to occur for the

inhibitor 4 which contains the sulfur atom in its structure.
Previous studies explored the importance of lone pairs in sulfur
atoms.28,29 Although the prevalent opinion is that lone pairs of
sulfur with oxygen or nitrogen lone pair interactions are
repulsive, sometimes compensatory favorable interactions can
lead to attraction between sulfur atoms and oxygen or nitrogen
atoms related to lone pairs.30−34 This can have some impact on
the simulation results, and this can explain the behavior
observed for the inhibitor that contains a sulfur atom in the
DMPC bilayer.

■ DISCUSSION
The 12 inhibitors (examined by Warner et al.) were identified
with the aid of an algorithm which was developed on a
matched molecular pair analysis method.35 For this analysis,
two variables were considered: predicted BSEP activity
(expressed as pIC50) and clog P. The advantage of such
methods is that it can identify structural changes that reduce
activity without compromising other molecular properties.
However, there were significant anomalies related to the
inhibitor size and their lipophilicity. For example, for the
inhibitors set 1 to 4, mesalazine (1) was the only one to exhibit

Figure 5. Flip rate of inhibitors 1−12 when they are diffused into the two different bilayers.
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in vitro BSEP inhibition, while neither being the most
lipophilic or the highest MW. From this study, there is strong
correlation between the most potent inhibitors identified and
the initial permeation times; for this set, mesalazine was clearly
identified as the slowest of the set to permeate both lipids. It
has been observed that the hydrogen bonding capacity of the
molecules is directly related to the differences between the
measured log P values.36 Figure 7 presents the total number of
hydrogen bonds occurring between the inhibitors and the lipid
components. In Figure 7b, only the N−H···O and O−H···O
interactions are reported, whereas Figure 7a also includes
special C−H···O interactions. It can be observed that
mesalazine (1) forms the most hydrogen bonds with both
lipids. A study by Shahabadi et al. reported the interaction of
mesalazine with calf thymus (CT-DNA),37 where it was shown
that hydrogen bonds and van der Waals play main roles in the
binding of 5-mesalazine to CT-DNA. From this study,

mesalazine in both lipids exhibits more H-bonding interactions
than salicylamide (2) which also contains an amino group in its
chemical structure suggesting that 5-amino group inhibitors of
this class are of particular interest. Finally, the amino
containing inhibitors exhibit a large amount of H-bonding
interactions compared to the non-amino-containing inhibitors,
revealing thus the important role of this functional group.
For set 2 inhibitors, (5, 6, and 7), matched molecular pair

analysis predicted that the BSEP inhibition activity of the
inhibitor proxicromil (7) would be reduced by a factor of 20
compared to the experimental IC50 value, suggesting a
potentially important role in the interaction of the additional
OH group, which is present in proxicromil (7) but absent in
AZ74 (6). From this work, proxicromil (7) is identified, in
both lipids, as the slowest to permeate into the bilayer
correlating with it being the most potent inhibitor
experimentally. Hydrogen bonding analysis revealed minor
differences between AZ 74 (6) and proxicromil (7) in POPC,
while in DMPC, proxicromil (7) exhibited fewer hydrogen
bonds. For inhibitor AZ87 (5), where three aliphatic carbons
have been removed compared to proxicromil (7) but the OH
group is present, there is a reduced number of H-bonding
interactions with both lipids. Inhibitors AZ87 (5) and
proxicromil (7) can adopt an intramolecular hydrogen OH···
O interaction, which may be significant because previous
studies have reported that internal hydrogen bonds can make
the drug more lipophilic by shielding the hydrogen bonding
groups from solvent and improve membrane permeability.38−41

For set 3 (8, 9, and 10), hydrogen bonding analysis
identified significant differences between the three, with
mepyrazine (8) and antazoline (10) forming substantially
larger numbers of C−H···O interactions than mianserin (9).
From the matched pair analysis, mianserin is predicted to have
the same level of inhibition as the other two inhibitors;
however, its experimental IC50 value is 20 smaller than that of
8 and 10. Structurally, mianserin (9) is different to mepyrazine
(8) and antazoline (10) in being conformationally rigid, while
the other two exhibit significant conformational flexibility.
Additionally, mianserin (9) can only act as a H-bond donor,
while the other two may act as H-bond donors and acceptors.
While all three inhibitors exhibit the same lack of orientational
preference once permeated into the bilayer, they are very
clearly differentiated by their flip rates, with mianserin (9)
exhibiting a very low flip rate compared to the other two
inhibitors. As for sets 1 and 2, the speed of permeation is a
consistent metric correlating with the experimental IC50 value,
with mianserin clearly slower to permeate in both POPC and
DMPC than either mepyrazine (8) or antazoline (10).

Figure 6. Comparison of permeability coefficients obtained from this
study with the clog P values for the inhibitors 1−4, 5−7, 8−10−11−
12.

Figure 7. Number of hydrogen bonds between the inhibitors and lipid functional groups. (a) Total interactions and (b) only NH···O or/and OH···
O interactions.
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Set 4 is very limited in possessing only two members;
however, they both exhibit increased hydrogen bonding
activity and also they present a nonpreferred orientation
when they are diffused into the bilayer, which means that they
have an increased flip rate, making them more flexible when
they are diffused into the bilayer. The time to permeate the
bilayer, for both lipids, correlates with the experimental IC50,
with mepindolol (11) remaining in the aqueous phase
significantly longer than propranolol (12).

■ CONCLUSIONS

The degree of the interaction of BSEP inhibitors and their
behavior when they permeate into biological membranes was
evaluated while comparing them in two different lipid
environments using the unbiased MD technique; this method-
ology is two orders of magnitude quicker to simulate compared
to the PMF approach and therefore affords the opportunity to
screen a large number of compounds in contrast to more
traditional MD approaches. Through this study, important
aspects of the permeation process were computed such as
initial permeation times, orientation preferences, and key
interactions between inhibitors and lipids. Additionally, the
results obtained for the permeability coefficients of the
inhibitors of BSEP calculated in this work compared favorably
with the clog P values from previous computational models
based on QSAR modeling techniques; with the caveat that for
the ligands in this study, there is no correlation between clog P
and experimental IC50 values. The main conclusion from this
work is that there is a strong correlation between the time for
the inhibitor to permeate the lipid bilayer and its potency, as
measured as experimental IC50 data. The results indicate that
the inhibitors are diffused faster into the bilayer in POPC than
DMPC, and this has relevance to experimentalists and
simulators in their choice of lipid to apply in such
investigations; for both POPC and DMPC the order of the
inhibitor permeation times was consistent. Additionally, once
diffused into the bilayer orientation, analysis revealed the
importance of the key functional groups present in the
inhibitors. Inhibitors that contain only oxygen atoms (hydroxyl
and carboxylic acid) in their structure retain a perpendicular
position across the bilayer, whereas more basic compounds
that contain nitrogen atoms in their structure have no clear
preference for either a perpendicular or horizontal position as
they flip faster inside the bilayer; additionally, they interact
more with the lipid constituents through hydrogen bonding
interactions. Furthermore, the preferences for where the
inhibitors are located once diffused into the bilayer are mainly
in the phosphate-glycerol region, although the nature of the
functional groups of the inhibitors has an impact on the rate
with which they translocated between the different regions of
the bilayer.

■ METHODOLOGY

Parameterization and Simulations Setup. MD simu-
lations have been performed for the 12 BSEP inhibitors in two
different POPC and DMPC lipid bilayers. For the simulations,
the 12 inhibitors were parameterized with the GAFF force
field.42 The electrostatic potential distribution was obtained
with the restrained electrostatic potential fit approach43 with all
inhibitors in a charge-neutral state. For the inhibitors (8, 10,
11, and 12) which possess significant conformational flexibility,
the electrostatic potential was obtained through the multi-

conformational fit approach.43 The lipids were simulated with
the LIPID14 force field,44 the choice of the two lipids being
based on the high degree of correlation between the
experimental and simulated properties, including the area per
lipid, the bilayer thickness, and the order parameters. The size
of lipid bilayer was 128 lipids (64 lipids in upper and 64 in
lower leaflet). The simulations used the Berendsen barostat
with a pressure relaxation time of 1 ps.45 Temperature was
controlled by the Langevin thermostat46 with a collision
frequency of γ = 1.0 ps−1. Periodic boundary conditions were
set with the particle mesh Ewald method for long-range
electrostatics interactions with a 10 Å cutoff for nonbonded
interactions.47 Simulations employed SHAKE constraints for
bonds with hydrogen and used a 0.002 fs time step.48 The
water model used to build the bilayers was the TIP3P.49 To
the bilayer systems, KCl of concentration 0.1 M was added.
For the POPC bilayer, this resulted in the addition of 9 K+ and
9 CL− ions for POPC and 7 K+ and 7 CL− ions for DMPC. All
the simulations were performed with the Amber16 program
package.50 As the aim of this study was to monitor the early
stages of the permeation process, the inhibitors were initially
positioned 29 Å from the center of mass of the hydrocarbon
tails (C110 to C113) as illustrated in Figure S3 in the
Supporting Information file. This removes the effect of the
difference in the bilayer thicknesses as we measure the distance
in one leaflet of both lipids from atoms which are present in
both bilayers. The initial position of the inhibitor in the bilayer
and the structure of the two lipids used for the simulations are
illustrated in Figure 2. The lipids were solvated with
experimental levels of hydration of the pure bilayer, and the
amount of water added to the lipid bilayer was 31 water
molecules per lipid for POPC51 and 26.6 water molecules per
lipid for DMPC.52

Ten repeats of 100 ns were performed for the 12 BSEP
inhibitors in both lipids. For nine of the repeats, the bilayers
were built with the CHARMM GUI interface,53,54 while for the
last repeat of the simulations, the two bilayers were
constructed with our in-house (AMBAT) membrane builder
code;55 this scheme was adopted to eliminate any potential
biasing of the simulations due to the construction of the
system.

Simulation Analysis Protocol. The methodology used in
this study consists of four steps to provide a better
understanding of the permeation process of the inhibitors
into two different lipid environments. With the aid of an in-
house analysis tool, the permeation process of each of the
inhibitors was monitored. First, the initial time that each of the
inhibitors required to permeate into the lipid bilayer was
recorded for the two different lipids. The metric used as a
reference for when the inhibitors are initially diffused into the
bilayer was a threshold of 10 Å between the center of mass of
the inhibitor and the center of mass of the hydrocarbon tails of
the lipid. The metric for calculating the distance between the
inhibitors and the center of mass of the hydrocarbon tails
(C110 to C113) is illustrated in Figure S3 in the Supporting
Information file. Then, as the inhibitors diffused further into
the lipid bilayer, the orientational preferences (i.e., horizontal
or perpendicular) with respect to the z-axis of the lipid bilayer
were computed. Additionally, for inhibitors that included the
potential to adopt an extended conformational structure
(inhibitors 11 and 12), their preference to orient themselves
as an extended or a folded conformation was also examined.
Further, to the orientational preferences, once the inhibitors
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were diffused into the bilayers, the preference of the region of
the bilayer the inhibitors prefer to occupy was investigated
through the aid of a hydrogen bonding analysis. Finally, the
permeation coefficients computed for all sets of the inhibitors
were compared with the clog P values obtained from a previous
theoretical study.25 The permeation coefficients were com-
puted from the standard equation:

P KD/DX= (1)

where K is the partition coefficient, D is the diffusion
coefficient, and DX is the thickness of the bilayer. The
diffusion coefficients were calculated from a time average
mean-square displacement of 10 ns intervals through
simulations performed using the NVE ensemble. The NVE
ensemble was used as we aim to retrieve information about the
dynamics of the simulation and the temperature coupling
disrupts them. PME was used, along with a 10 Å cutoff, at a
temperature of 298.15 K. In order to avoid energy and
temperature drift, it was necessary to remove the center of
mass motion every 500 steps and to increase both the shake
tolerance and Ewald direct sum tolerance more stringently and
reduce the time step to 1 fs. Usually, the permeability is
estimated from the free-energy barrier that the ligand should
overcome when crossing the membrane; however, this
approach requires computationally intensive MD techniques
to describe the process.56 In this study, by using unbiased MD
simulations, the permeability coefficients are predicted for the
inhibitors from the partition coefficient log P.57,58 Scheme 1
represents the methodological analysis performed for the
simulations in this manuscript.
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