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Human P-glycoprotein (P-gp), a kind of ATP-Binding Cassette transporter, can export a diverse variety of anti-cancer
drugs out of the tumor cell. Its overexpression is one of the main reasons for the multidrug resistance (MDR) of tumor
cells. It has been confirmed that during the substrate transport process, P-gp experiences a large-scale structural rear-
rangement from the inward- to outward-facing states. However, the mechanism of how the nucleotide-binding domains
(NBDs) control the transmembrane domains (TMDs) to open towards the periplasm in the outward-facing state has not
yet been fully characterized. Herein, targeted molecular dynamics simulations were performed to explore the conforma-
tional rearrangement of human P-gp. The results show that the allosteric process proceeds in a coupled way, and first the
transition is driven by the NBDs, and then transmitted to the cytoplasmic parts of TMDs, finally to the periplasmic parts.
The trajectories show that besides the translational motions, the NBDs undergo a rotation movement, which mainly
occurs in xy plane and ensures the formation of the correct ATP-binding pockets. The analyses on the interaction ener-
gies between the six structure segments (cICLs) from the TMDs and NBDs reveal that their subtle energy differences
play an important role in causing the periplasmic parts of the transmembrane helices to separate from each other in the
established directions and in appropriate amplitudes. This conclusion can explain the two experimental phenomena about
human P-gp in some extent. These studies have provided a detailed exploration into human P-gp rearrangement process
and given an energy insight into the TMD reorientation during P-gp transition.

Keywords: human P-glycoprotein; targeted molecular dynamic simulation; conformational rearrangement; movement

coupling; interaction energy

Introduction

The emergence of multidrug resistance (MDR) is an
increasingly important problem in treatment of some dis-
eases (Bera et al., 2017; Dwivedi et al., 2018; Kesher-
wani, Michael, Fukui, & Velmurugan, 2017; Pandey
et al.,, 2018). P-glycoprotein (P-gp), a member of the
ATP-Binding Cassette (ABC) transporter protein super-
family, can export substrates across the cell membrane
utilizing the energy of ATP binding and hydrolysis.
Human P-gp, with broad substrate specificity, can pump
a wide variety of anti-cancer drugs out of the cell, lead-
ing to a decrease in intracellular drug concentration,
which is one of the major reasons for MDR of tumor
cells (Gutmann, Ward, Urbatsch, Chang, & van Veen,
2010; Manoharan, Chennoju, & Ghoshal, 2018; Manoha-
ran & Ghoshal, 2017; Shahraki et al., 2018a). Biochemi-
cal studies have confirmed that human P-gp undergoes a
large-scale conformational rearrangement to export anti-
cancer drugs out of the cells (Dawson & Locher, 2006).
Thus, to inhibit P-glycoprotein-mediated drug transport,

it is very important to understand the rearrangement
mechanism of human P-gp.

Human P-glycoprotein is a 170 kDa single chain pro-
tein with two pseudosymmetrical halves (Klepsch &
Ecker, 2010), each composed of one nucleotide-binding
domain (NBD) and one transmembrane domain (TMD)
(Higgins & Linton, 2004). The NBDs are highly con-
served in structure and sequence among all ABC trans-
porters, which can be attributed to their same function:
ATP binding and hydrolysis (ter Beek, Guskov, & Slot-
boom, 2014). By contrast, the sequences and architec-
tures of the TMDs are considerably variable, which
reflects the chemical diversity of the translocated sub-
strates.

Figure 1 shows the structural models of human P-gp
in inward-facing (IF) and outward-facing (OF) states.
Each TMD is composed of six transmembrane (TM)
helices that are connected by intracellular helices (IHs)
in the cytoplasm and extracellular loops (ELs) in the
periplasm. Cytoplasmic parts of TM helices usually are
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Figure 1.

Three-dimensional structural models of human P-gp in the inward-facing conformation (a) and (b) and the outward-facing

conformation (c) and (d). Horizontal bars stand for the approximate position of the lipid bilayer. The C- terminal half of P-gp is given
in gray and the N-terminal half in colors: TM helices 1-6 shown in yellow, red, green, blue, cyan and orange respectively, and IHs

and ELs in purple and pink, respectively.

defined as intracellular loops (ICLs). For NBDs, its
dimer interface consists of two ATP-binding pockets,
each formed by the Walker A, Walker B, H-loop, Q-
loop, A-loop of one NBD and D-loop and the conserved
ABC-signature motif LSGGQ of the other (Pan & Aller,
2015; Sauna & Ambudkar, 2007). The ATP is sand-
wiched between them, forming an ATP-sandwich struc-
ture (Sauna & Ambudkar, 2007). Recently, biochemical,
structural, and genetic studies have led to the ATP-switch
model for ABC transporters (Linton & Higgins, 2007).
According to this model, the transport process can be
described as follows. First, the binding of ATP to the
NBDs induces the dimerization of the two NBDs to form
the ATP-sandwich structure, and the TMDs flip from fac-
ing inward to facing outward at same time, presenting
the substrate to the extracellular side. Then the ATP
hydrolysis drives the NBD dimer dissociation to reset
the TMDs to the inward facing, completing the cycle.
Although this model can generally describe the transport

process, more details about the conformational rearrange-
ment are needed to investigate for a deeper understand-
ing of the P-gp transport mechanism.

Experimental researches on human P-gp have mainly
focused on inhibitor development, in order to block this
efflux mechanism and then restore chemotherapeutics
efficacy (Katayama et al., 2015; Kort, Sparidans, Wage-
naar, Beijnen, & Schinkel, 2015; Tsujimura, Saito,
Nawata, Nakayamada, & Tanaka, 2008). It is very diffi-
cult for experimental methods to obtain the dynamic
information at the atomic level about the large-scale con-
formational rearrangement mainly due to the transients
of intermediate conformations and the difficulty of
obtaining the transmembrane protein samples. Theoreti-
cally, the conventional and enhanced sampling molecular
dynamics (MD) simulations provide useful tools at the
atomic level to analyze the structural, mechanical and
thermodynamic properties of biomolecules. The targeted
MD and steered MD methods can additionally explore
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the process of large-scale conformational rearrangements
of proteins. McCormick et al. utilized docking and tar-
geted MD simulations to study the transport pathways of
different anti-cancer drugs through human P-gp (McCor-
mick, Vogel, & Wise, 2015). Using multi-targeted molec-
ular dynamics method, Prajapati and Sangamwar
explored the conformational changes occurring in TMDs
during the catalytic cycle of ATP hydrolysis (Prajapati &
Sangamwar, 2014). In order to research the catalytic
mechanism of P-gp, Wise applied targeted MD simula-
tion technique to elucidate catalytically relevant struc-
tures of P-gp (Wise, 2012). Still with the targeted MD
simulations, Chang et al. investigated the molecular
mechanism in the conformational transmission of human
P-gp from the NBDs to the TMDs (Chang, Liu, Dong,
& Sun, 2013). From the works above, the current studies
have provided some insight into the conformational rear-
rangement process of P-gp, as well as the transport path-
ways of anti-cancer drugs through P-gp, while the
mechanism by which the NBDs control the opening of
TMDs towards the periplasm in the outward-facing state
has not yet been fully characterized.

In this paper, the targeted MD simulation technology
was performed to simulate the conformational rearrange-
ment process from IF to OF state of human P-gp. We
analyzed the movements of the NBDs and TMDs, and
the interaction energies and movement coupling between
them during the conformational rearrangement process
from the IF to OF states. We explored the physical
mechanism of the reorientation of TMDs to the periplas-
mic side.

Materials and methods

Homology modeling of the inward-facing state of
human P-gp

The experimental structure of human P-gp in the IF con-
formation has not been resolved. We constructed the
three-dimensional structure of this conformation using
the homology modeling software Modeller 9.14 (Eswar,
Eramian, Webb, Shen, & Sali, 2008; Sanchez & Sali,
2000). The crystal structure of mouse P-gp in the IF
state (PDB ID: 4Q9H resolved at 3.4 A) was selected as
the template, which has 87% and 93% sequence identity
and similarity with human P-gp, respectively. The
sequence of human P-gp was obtained from NCBI data-
base (accession code: NP_000918.2 [Chen et al., 1986;
Gekeler, Weger, & Probst, 1990; Kioka et al., 1989]).
Because of the missing structure segments (residue 1 to
29, 627 to 688, and 1274 to 1275) in the IF structure of
mouse P-gp, the corresponding sequence segments (resi-
due 1 to 29, 631 to 692 and 1278 to 1279) in human P-
gp were removed when its structure was built. First, fifty
models were constructed by Modeller 9.14 and then opti-

mized with the method of conjugate gradients. After-
ward, simulated annealing MD simulations were used to
refine these structures and the best model was selected
based on the values of the Modeller objective function
and the DOPE assessment scores (Shen & Sali, 2006).
Then, the structure quality of this best model was evalu-
ated by Ramachandran plot (Kolaskar & Sawant, 1996)
generated from PROCHECK program (Laskowski,
MacArthur, Moss, & Thornton, 1993). To make sure the
IF structure has the same residues with the OF one, their
common residues were remained and thus the residue 30
to 36, 694 to 699 and 1277 in the IF structure were
removed.

Simulation systems

The human P-gp structures in the IF and OF states are
respectively from the structure generated through homol-
ogy modeling in this study, and the model obtained by
O’Mara’s group (O’Mara & Tieleman, 2007) which has
been widely used in a number of theoretical studies
(Binkhathlan & Lavasanifar, 2013; Eckford & Sharom,
2009; Locher, 2008; Loo & Clarke, 2008; Matsson, Ped-
ersen, Norinder, Bergstrom, & Artursson, 2009; Mornon,
Lehn, & Callebaut, 2008; Seeger & van Veen, 2009).
The simulation systems with IF and OF states were built
using the following methods. First, the protein was verti-
cally buried into a POPC bilayer membrane (140
A x 140 A) by VMD software. The orientation of the
protein conformation was properly adjusted with respect
to membranes based on the information from the Orien-
tations of Proteins in Membranes (OPM) database
(Lomize, Lomize, Pogozheva, & Mosberg, 2006). The IF
conformation opens towards the negative z direction and
OF conformation opens to the positive z direction. The x
axis is directed along the straight line connecting the
geometric centers of the two NBDs in the IF state. Here,
like Chang’s work on P-gp conformational transition
(Chang et al., 2013), we also used the cartesian coordi-
nates (not internal ones) to describe the movements of
NBDs and TMDs because of the complexity of their
motions. The POPC molecules overlapping with proteins
were removed by VMD software. Then, water molecules
were added into the systems, and to neutralize the sys-
tem and maintain a physiological ionic concentration,
Na" and CI” ions were also added to the system at a
concentration of 150 mM. The final system with IF con-
formation contains 319,162 atoms including 78,972
water molecules and 474 POPC lipid molecules in a rect-
angular box (140 A x 140 A x 180 A). For the simula-
tion system with outward-facing conformation, the total
number of atoms is 333,598 in a similar sized rectangu-
lar box with 83,507 water molecules and 479 POPC
lipid molecules.



Molecular dynamic simulations

MD simulations were carried out using the NAMD 2.10
package (Phillips et al., 2005) and CHARMM force field
(Feller, Yin, Pastor, & MacKerell, 1997; MacKerell
et al., 1998). First for the two systems, POPC bilayer
molecules were minimized for 5000 steps and then equi-
librated for 0.5 ns with other atoms fixed. Then, the
whole system was minimized for 20,000 steps and then
equilibrated for 3.0 ns with only protein Co atoms con-
strained. The keep water out.tcl script (http:/www.ks.
uiuc.edu/Research/namd/) was used to prevent water
molecules entering into the membrane hydrophobic
region in a frequency of every 200 fs. Finally, the final
equilibrium structures were used as the initial and tar-
geted structures for targeted MD simulations.

The equilibration simulations were performed in the
NPT ensemble with periodic boundary conditions. The
temperature was set to 310 K and kept constant during
the simulation process using a Langevin thermostat with
a damping coefficient of 1.0 ps~' (Weng, Fan, & Wang,
2010). The pressure was kept at 1.0 atm using the Lan-
gevin piston Nosé-Hoover method with a piston period
of 200 fs and a decay time of 50 fs (Hoover, 1985;
Nosé, 1984). The switching function was used for the
electrostatic and van der Waals interactions, which makes
the interaction shift smoothly to zero between 10 and 12
A. The long-range electrostatic interactions were handled
by the ParticleMesh Ewald (PME) method with a grid
spacing of 1.0 A (Essmann et al., 1995). In equilibration
process and conventional MD simulations, the SHAKE
algorithm was used to constrain all hydrogen atom-con-
taining bonds, which allows use of a time step of 2 fs
(Vangunsteren & Berendsen, 1977).

Targeted MD simulation

Targeted MD simulation, a kind of non-equilibrium sim-
ulation technique (Compoint, Picaud, Ramseyer, & Gir-
ardet, 2005; Schlitter, Engels, Kriiger, Jacoby, &
Wollmer, 1993), has been used to study the conforma-
tional transition and reaction pathway of biomolecules
for several years (Kamerlin, Rucker, & Boresch, 2006;
Kong, Ma, Karplus, & Lipscomb, 2006; Ma, Sigler, Xu,
& Karplus, 2000; Wang, Hong, Paterson, Pu, & Laugh-
ton, 2014; Xiao et al., 2015; Zhong & Guo, 2009). Tar-
geted MD drives a structure to the target using an
external potential which can be described as:

Urp = %% [RMSD([) — RMSD x (t)]z, (1)

where k is the force constant and N is the number of the
targeted atoms. RMSD(f) is the instantaneous best-fit
root mean square deviation (RMSD) of the current coor-
dinates from the targeted coordinates. And RMSD*(?) is
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the prescribed RMSD value for the current step, which
changes linearly from the initial RMSD at the first Tar-
geted MD step to the final RMSD at the last step.

In this work, the equilibrated conformations of the IF
and OF states were chosen as the initial and targeted
structures, respectively. The integration step is 1 fs. Refer
to the work of Chang and coworkers (Chang et al.,
2013), the values of the force constant £ and the number
of targeted atoms N are set to 1171 kcal/(mol A?) and
1171 (all the Ca atoms of human P-gp), respectively,
which means the external forces were applied to all the
Ca atoms in the initial conformation. In addition, the
values of RMSD*(¢) decreased from 14.0 to 0 A mono-
tonically. Keep water out.tcl script was also used to pre-
vent water molecules entering into the membrane
hydrophobic region at a frequency of every 100 fs. To
ensure the molecular allosteric mechanism is intrinsic
character rather than the stochastic output of targeted
MD simulations, 4 targeted MD simulations of 10 ns
were carried out from the initial structure to the targeted
structure under different initial conditions by assigning
different initial velocities on each atom of the simulation
systems.

Cross-correlation between residue displacement vectors

The cross-correlation of displacement vectors between
the ith and jth residues is calculated across all Ca atoms
of human P-gp according to the following formula:

(Ar; - Ary)
\/(Ari - Ary) (Arj . Arj) ’

where Ar; and Ar; are respectively the displacements of
the ith and jth residues between two conformations along
the allosteric pathway (Ichiye & Karplus, 1991). The
cross-correlation value ranges from —1 to 1. The positive
values represent that the residues move in the same
direction and the negative values represent that they
move in the opposite direction.

Cy =

@)

Selection of the contact segments in TMDs with NBDs
and data analyses

In order to explore the energy coupling between the
NBDs and TMDs, we selected those residue segments in
ICLs as the contact ICLs (cICLs) with NBDs in which
every residue is within 4.0 A distance from NBDs
among more than 99.5% conformations (every 500 fs 1
sample) along the targeted MD trajectories. And then the
non-bonded interaction energies including van der Waals
(vdW) and electrostatic (Ele) energies between cICLs
and NBDs were calculated with Energy package of
NAMD 2.10 with CHARMM force field. The short-
range vdW interactions were calculated using the switch-


http://www.ks.uiuc.edu/Research/namd/
http://www.ks.uiuc.edu/Research/namd/

1108 Y. Zhang et al.

ing function, with a twin range cutoff of 10.0 and 12.0
A. Long-range electrostatic interactions were calculated
with the PME method with a cut-off of 12.0 A. Move-
ments of the trajectories were analyzed using VMD 1.9.1
software (Humphrey, Dalke, & Schulten, 1996). The
structures for most of the following analyses were sam-
pled every 0.2 ns. The analyses and figures are based on
the average of 4 trajectories of 10 ns targeted MD simu-
lations, and the standard deviations are shown as error
bars in figures.

Results and discussion

Evaluation of homology modeling of human P-gp in
the IF state

We constructed the three-dimensional structure of human
P-gp in IF state using homology modeling method, as
shown in Figure 1 (upper panel). The structure in OF
state (lower panel in Figure 1) comes from the modeled
one by O’Mara’s group (O’Mara & Tieleman, 2007)
with the OF state of Staphylococcus aureus Sav1866 as
the template. Due to the absence of the experimental
structure of human P-gp in IF state, we used the IF
structure of mouse P-gp as the template to build the cor-
responding one of human P-gp. Thus, from Figure 1, the
modeled IF state is a little different from the OF state
mainly in the secondary structures of the periplasmic
parts around EL1 region (TMI-EL1-TM2) of TM
helices, while their vast majority of the second structures
are the same. Furtherly, to evaluate the accuracy of the
modeled structure, Ramachandran plot was calculated, as
shown in Figure S1. It displays that 93.2% residues are
in the favorable regions, and 99.5% residues in the
acceptable regions of Ramachandran plot. A high-quality
model usually has not less than 90% of residues in
favorable regions. Therefore, the homology model of
human P-gp established here was used for the rearrange-
ment simulations by the targeted MD method. The PDB
files of the modeled initial (IF) structure as well as the
targeted (OF) one from O’Mara’s group were provided
in the Supplemental Files.

Conformational transition of the NBDs

As we know, this conformational transition is triggered
by the movements of NBDs. Therefore, it is critical to
elucidate the movements of NBDs. Before exploring the
interdomain movements in NBDs, we analyzed the
intradomain structural changes. Supplementary Figure S2
shows the RMSDs (all atoms) of each NBD from the
corresponding one in the initial state after they are super-
imposed as a function of time. From Figure S2, during
the first 0.8 ns mainly due to the perturbations of the
external force on protein Ca atoms, the RMSD value has

a small increase with 2.1 A for NBDI and 1.9 A for
NBD?2, and then the value maintains a relatively stable
equilibrium until 8.5 ns. In the last 1.5 ns, the RMSD
values increase a little, which is mainly because of the
small structural adjustment after the two NBDs are close
enough to each other. Based on the analyses above, the
internal structural changes in each NBD are very small,
consistent with the results of Liu et al. obtained by bio-
chemical studies (Liu & Sharom, 1997). This means that
we can treat NBDs approximately as rigid bodies and
use their geometric centers to analyze the relative transla-
tion movements between them.

The following analyses are about the interdomain
movement between the two NBDs. Figure 2(a) gives the
displacements of both NBDs in x, y, and z axes. From
Figure 2(a), NBD1 moves along negative x and y direc-
tions, NBD2 moves in positive x and y directions, and
they hardly move in z axis. The relative displacements
between them mainly happen along x direction, with the
interdomain distance in x direction declining from the
initial 60-28 A in the first 8.5 ns. Interestingly, the dis-
tance in y direction has a slight increase from 0 to 13 A
during the same period. Although the distance in y direc-
tion is increasing, the distance between geometric centers
of two NBDs is still decreasing. The details on the dis-
tance changes in each direction are shown in Figure S3.
It should be pointed out that the geometric centers of the
two NBDs are almost the same with the mass centers of
them during the simulation, which can be found by com-
paring Figure 2(a) with Figure S4, which give the dis-
placements of NBDs based on geometric centers and
mass centers, respectively. Therefore, we used the geo-
metric centers of two NBDs to analyze the relative trans-
lation movements between them.

Besides the translation movement, a rotation move-
ment between the two NBDs is also observed during the
conformational rearrangement. Figure 2(b) gives the
change of the angle 6 formed between the two lines A
and B respectively connecting residue pairs Val437-
Val504 in NBD1 and Val1080-Vall146 in NBD2 during
the conformational transition. From Figure 2(b), the
angle 0 decreases from 30° to 6° in the first 7 ns, and
then maintains around 6°, which indicates that an obvi-
ous rotation occurs between the NBDs at the beginning
of the rearrangement process and ends earlier than the
translation movement does. The phenomenon of rotation
movement between NBDs was also confirmed in other
studies for ABC transporters (Chen, Lu, Lin, Davidson,
& Quiocho, 2003; Furuta, Yamaguchi, Kato, & Sakurai,
2014; Moradi & Tajkhorshid, 2013; Smith et al., 2002).
Refer to the works (Chen et al., 2003; Furuta et al.,
2014; Moradi & Tajkhorshid, 2013; Smith et al., 2002),
here the rotation movement was analyzed in xy and yz
planes. The angle # was projected onto the xy plane to
form angle a (Figure 2(c) and (d)) and onto the yz plane
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Figure 2. Translation and rotation movements of NBDs during the conformational rearrangement. (a) the translation movement of
both NBDs along x, y and z directions. (b) the rotation movement between NBDs described by the change of the angle § formed
between the two lines A and B respectively connecting residue pairs Val437-Val504 and Vall080-Vall146. The angles a and S are
the projection of the angle # in xy plane and yz plane, respectively. (c), (d) and (e), (f) are the top and side views of the initial and
targeted conformations of NBDs, respectively. (g) the changes of the distances between Walker Al and LSGGQ2, Walker A2 and

LSGGQ1. NBD1 and NBD2 in (c), (d), (e) and (f) are displayed in blue and grey, respectively. The Walker As and LSGGQs are col-
ored in red and yellow, respectively.
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to form angle § (Figure 2(e) and (f)), respectively. Their
changes are also shown in Figure 2(b). The angle o has
a 22° decrease from 27° to 5° during the simulation,
while the decline of the angle f is only about 12°, which
indicates that the rotation movement between NBDs hap-
pens mainly in the xy plane. We think the rotation move-
ment between NBDs is very important for the correct
formation of ATP-binding pockets. Figure 2(g) gives the
changes of the distances between Walker As and signa-
ture motifs LSGGQs (forming the ATP-binding pockets,
Figure 2(c) and (d)) during this process. Evidently, it is
because of the rotation movement, that the distance
between Walker A1 and LSGGQ2 diminishes faster than
that between Walker A2 and LSGGQI1, and finally both
the distances reach the same value 9 A. Therefore, the
rotation movement is very important for ensuring the
nearly simultaneous formation of the two ATP-binding
pockets. Additionally, the translation movement of NBDs
along x and y directions pulls Walker As and LSGGQs
close to each other, also playing an important role for
the correct formation of ATP-binding pockets.

It should be noted that the above work studies the
movements of NBDs without ATP binding. According to
‘ATP Switch model’, it is known that NBDs’ dimeriza-
tion is induced by the binding of ATP molecules. How-
ever, in what extent does the ATP binding induce the
dimerization of NBDs, which is not clear currently. How
ATP binding to the pocket in IF conformation can induce
large conformational changes leading to the IF-OF transi-
tion is questionable. Actually, this is an interesting but
still open question. Experimentally, fluorescence spec-
troscopy data have demonstrated that the closing and
dimerization of the two NBDs are not only because of
the binding of ATP molecules which only causes the
limited conformational change (Campbell et al., 2004;
Liu & Sharom, 1997; Loo & Clarke, 2000). The mass
spectrometry analysis of P-gp (Marcoux et al., 2013) has
revealed that the independent binding of nucleotides is
not sufficient to induce a significant conformational shift,
and the large-scale conformational rearrangement is the
result of synergistic binding of lipids, nucleotides and
drugs. Additionally, there is no definite experimental
result about at which moment of conformational rear-
rangement ATP molecules bind to the pockets in P-gp.
Also, there are some simulation studies (Prajapati et al.,
2013; Shahraki et al., 2018b) about the relationship
between the ATPase activity and substrate binding, while
no definite results have been obtained on what kind of
changes happen to NBDs’ structure upon substrate bind-
ing, and on how substrate binding makes ATP binding
sites transition from a low to a high ATP affinity state.
Weng’s group showed the limited conformational
changes at NBDs’ interface in the simulation study for
ATP-free, ATP-binding and ADP-binding states (Weng
et al., 2010). Here, as a drawback of the current work,

ATP molecules and substrates were not included in our
study systems. In the future work, we are going to study
the question that to what extents the ATP and drug mole-
cule binding results in the conformational transition of
human P-gp, respectively.

Conformational transition of the TMDs

In the allosteric process of human P-gp, the TMDs expe-
rience large-scale structural rearrangements. In order to
describe it, we monitored the changes of the distances
between two structurally corresponding TM helices
(TM1-TM7, TM2-TM8, TM3-TM9, TM4-TM10, TM5-
TM11, and TM6-TM12) respectively in cytoplasmic and
periplasmic parts (Figure 3(a) and (b)). As TM1 and
TM?7 have almost no cytoplasmic parts, only the distance
of TM1-TM7 in the periplasmic side was calculated. The
monitored 22 residues (2 in each TM helix except for 1
in TM1 and TM7,respectively) forming 11 pair distances
are shown in Supplementary Table SI, of which 11 resi-
dues are located in periplasmic parts and the other 11 in
cytoplasmic parts, and two parts of residues individually
have approximately the same z-axis coordinates. From
Figure 3(a), the distances between most TM helices in
the cytoplasmic side experience a big, almost linear
decrease and then become stable since 8.5 ns, while the
distances in the periplasmic side nearly maintain a steady
value until 7.5 ns and then have a considerable increase
(Figure 3(b)). This means that the cytoplasmic parts of
TMDs, affected by NBDs, also undergo a closing move-
ment, and not until this movement is almost over do the
periplasmic parts of TMDs start to open toward the
periplasmic side. The similar result has also been
observed in the conformational transition of the C. ele-
gans P-gp from OF to IF state by Wang (Wang & Liao,
2015). This means that the periplasmic and cytoplasmic
parts of TMD don’t have a chance to be open at the
same time, which ensures the unidirectional transport
property of P-gp molecule. And it also hints that the
closing movement of NBDs is the driving factor for the
whole conformational rearrangement of human P-gp, and
it is transmitted from the bottom to the top of the sys-
tem, i.e. from NBDs to the cytoplasmic parts of TMDs,
then to the periplasmic parts of TMDs. In addition, inter-
estingly, the P-gp experiences the conformation around
7.5 ns during the Targeted MD simulation in which the
two NBDs are dimerized (see Figure 2(a)) and the
periplasmic parts of TMDs are still closed (see Fig-
ure 3(b)). This conformation might be an outward-oc-
cluded state. In 2014, Choudhury et al. resolved the
crystal structure of ABC exporter McjD at outward-oc-
cluded state (Choudhury et al., 2014). This state repre-
sents a transition intermediate between the outward-open
and inward-open conformation and has an important role
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Movements of TM helices. (a) and (b) give the changes of the distances between two structurally corresponding TM

helices, respectively in cytoplasmic and periplasmic parts. (c) the distance changes of TM helices’ cytoplasmic parts on x and y direc-
tions. (d) the detailed movements of TM helices’ periplasmic parts on x and y directions. The monitored residues (2 in each TM helix,

except for 1 in TM1 and TM7 respectively) are shown in Table SI.

for the catalytic and transport cycle of P-gp (Siarheyeva,
Liu, & Sharom, 2010).

In order to detect the effect of NBDs’ main rotation
movements (in xy plane) on TM helices’ cytoplasmic
parts, the movements of TM helices’ cytoplasmic parts
were decomposed in x and y directions and the results
are shown in Figure 3(c). From Figure 3(c), it is clear
that the movements mainly happen in x direction. The
distance changes of different TM helices’ pairs are dif-
ferent, especially in y direction, which we think is caused
by NBDs’ rotation movements. For the movements in y
direction, the distance change of TM4-TM10 is the least
obvious while those of TM6-TM12 and TM2-TMS are
the most, which is understandable with consideration of
the rotation coupling between NBDs and TM helices’
cytoplasmic parts and the locations of these TM helices:
TM4 and TMI10 situated almost above the center of
NBDs’ interface, and TM6 (TM12) and TM2 (TMS)
located the most far away from the center axis of NBDs’
interface (see Figure S5).

It is important to note that, although the external
forces were applied to pull TMs at the periplasmic side
to depart from each other, the distances of them at this
side remain almost unchanged for the initial long period
of time. This demonstrates that the pulling force is a
weak perturbation that is not able to change the func-
tional movement of the helices at the periplasmic side.
These weak perturbations can thus be used to probe the
structural and energetic determinants in the conforma-
tional transition.

In addition, we noticed that the opening amplitudes
of TM helices toward the periplasmic side are very dif-
ferent. From Figure 3(b), TM2-TM8 and TMS5-TM11
have a maximum opening with a distance increase 12 A,
followed by TM4-TM10 and TMI1-TM7 about 8 A,
TM6-TM12 5 A, and TM3-TM9 has a minimum open-
ing with the distance increasing only by 3 A. Further-
more, we also noticed the differences in the movement
directions of TM helices at the periplasmic side. Taking
the first half of human P-gp for example, Figure 3(d)
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gives the detailed movements of TM helices’ periplasmic
parts on x and y directions. From Figure 3(d), evidently
except that the periplasmic parts of TM1 and TM2 move
along positive x and y directions, those parts of other
helices including TM3, TM4, TM5 and TM6 move on
negative x and y directions. This means that during the
reorientation of TM helices, TM1 and TM2 move sepa-
rately from TM3 and TM6, while they group together in
the initial IF state. Here, it should be pointed out that
compared with the crystal structure and our modeled one
of P-gp in IF state, the O’Mara’s OF model has incorrect
secondary structures around EL1 region (TMI1-ELI-
TM2) (see the section of Evaluation of homology model-
ing of human P-gp in the IF state) because the OF model
had been constructed before the P-gp crystal structure
was resolved. Thus, the conformational changes during
the targeted MD simulation would be accompanied with
the folding/unfolding of the region around EL1, which
will affect slightly the movements of residues Thr76 and
Glul09 we picked to reflect the cytoplastic part move-
ments of TM1 and TM2. Therefore, the above results
about TM1 and TM2 may be of low reliability in some
extent. The refinement of the OF model would be favor-
able. Since this work focused mainly on not ELs but
ICLs, such refinement might not affect largely the results
presented here. In the future, it is better to refine
O’Mara’s model or rebuild the OF model using the crys-
tal structure.

From the analyses above, we clarify that the confor-
mational rearrangement of human P-gp is driven by
NBDs, and the movements of NBDs are transmitted to
the cytoplasmic parts of TMDs, then to the periplasmic
parts. Also, the TM helices experience a reorientation
and move in different amplitudes, achieving the opening
of TMDs towards the periplasmic side. Thus, a question
comes up that what on earth causes the reorientation of
TM helices (with TM3 and TM6 separating from TM1
and TM2, and grouping together with TM4 and TMY)
and their separation from each other in different extent.
These questions will be discussed in the following sec-
tion of Effect of cICLs-NBDs interactions on the reorien-
tation of TM helices.

Movement coupling between NBDs and TMDs

In the preceding sections, we discussed the individual
movements of NBDs and TMDs. Since the rearrange-
ment is transmitted from NBDs to TMDs, the movement
coupling between them is a critical question needed to
be discussed. To this end, we calculated the displacement
vector cross-correlation between residues of human P-gp
according to formula (2) for the two typical allosteric
stages. One stage is from 1 to 5 ns during which both
NBDs and cytoplasmic parts of TM helices move close
to each other respectively and periplasmic parts of TM

helices have almost no movements, and the other stage
is from 7.5 to 9.5 ns during which NBDs and cytoplas-
mic parts of TM helices nearly complete the closing
movements and periplasmic parts of TM helices are
experiencing the opening movement (see Figures 2(a)
and 3(a) and (b)). For the first typical stage, the confor-
mations were sampled every 0.5 ns and correlation coef-
ficients were computed between two conformations
spacing 1 ns, and for the second typical stage, the corre-
sponding values are 0.25 and 0.5 ns, respectively, which
produces seven sets of correlation coefficients for every
stage. The final cross-correlation map for every stage is
the average of seven sets of correlation coefficients on
the four simulation trajectories.

Figure 4(a) shows the cross-correlation map of
human P-gp for the first typical stage. From Figure 4(a),
the two NBDs have a high level of self-correlation and
strong negative correlations with each other, which
demonstrates again the rigid-body property of each NBD
and the opposite movements between the two NBDs.
For TMDs, taking TMD1 for example, it is clear that the
two helix groups formed respectively by TMI1, TM2,
TM3, and TM6, and by TM4 and TMS5, have intense
positive correlations individually and negative correla-
tions with each other, which can be easily explained by
the structure of human P-gp: the former group interacting
with NBD1 and the latter group with NBD2. In addition,
it is noticed that the two ICLs, especially IHs in them,
have superior consistence with nearby NBDs (see black
boxes in Figure 4(a)), which hints ICLs play an impor-
tant role in the allosteric transmission from NBDs to
TMDs.

Figure 4(b) reflects the cross-correlation map of
human P-gp for the second typical stage. In this stage,
NBDs almost form dimers and thus they show positive
correlations with each other to some extent. For TMDs,
also taking TMD1 for example, different from the first
typical stage, the TM1 and TM2 helices have negative
correlations with the other TM3, TM4, TM5, and TM6
helices, especially for their periplasmic parts (see black
boxes in Figure 4(b)), which reflects the reorientation of
TM helices and opening movements toward the periplas-
mic side, consistent with the results in section of Confor-
mational transition of the TMDs. Additionally, the ICLs
still have highly positive correlations with the corre-
sponding NBDs.

Based on the analyses above, the TMDs are tightly
coupled with NBDs in dynamics through ICLs, espe-
cially IHs. The TM helices undergo a rearrangement,
resulting in the opening of TMDs to the periplasmic
side. The information will help us gain an energy insight
into the conformational rearrangement of TM helices in
section of Effect of cICLs-NBDs interactions on the
reorientation of TM helices.



(@ T

Chain 2

Chain 1

0.5

Chain 1

——+F——  Chain2 ——

Simulation of human P-gp rearrangement process

(b) T

1113

Chain 2

Chain 1

0.5

Chain 1

Figure 4. Displacement vector cross-correlation between residues of human P-gp for the two typical allosteric stages. The numbers
1 to 12 represent TM1 to TM12. IHs are colored in red, and ELs in green.

Interface interaction energies between NBDs and
TMDs

Since the allosteric signal of human P-gp transmits from
NBDs to TMDs, a strong movement coupling exists
between NBDs and ICLs, and ICLs were also proposed
by Dawson and Locher (2006) to propagate the energy
of ATP binding and hydrolysis to the substrate transport,
the interaction energy between NBDs and ICLs must
play an important role in the allosteric process of human
P-gp. The interactions between NBDs and ICLs are non-
bond interactions which decay fast with an increasing
distance. Therefore, we selected some residues in ICLs
which are near NBDs as contact segments (see the sec-
tion of Materials and Methods) to analyze the interaction
energies between NBDs and ICLs. Herein six cICLs
were identified with cICL1 (residues 152-172) in ICLI,
cICL2 (residues 252-277) in ICL2, cICL3 (residues

—_
o
-

Interaction energy (kcal/mol)

-400 -

¢ICL1-NBD1 cICL4-NBD1 cICL5-NBD1
¢ICL2-NBD2 ¢ICL3-NBD2- ¢ICL6-NBD2——
=500 L 1 1 1 1 1 L 1 1
0 1 2 3 4 S 6 7 8 9 10

Time (ns)

Figure 5.

793-815) in ICL3, cICL4 (residues 895-920) in ICLA4,
cICLS (residues 371-374) and cICL6 (residues 1014—
1018) (Figure S6). In fact, we verified the interaction
energies between cICLs and NBDs (Figure 5(a)) are
almost the same with the interaction energies between
ICLs and NBDs (Figure S7). Thus in the energy analy-
ses, the interaction energies between ICLs and NBDs
can be represented by the interaction energies between
cICLs and NBDs. From Figure 5(a), it is clear that the
structurally corresponding cICLs have similar interaction
energies with NBDs: cICL1 (cICL3) has about —
100 kcal/mol interaction energy with NBD1 (NBD2),
cICL4 (cICL2) has approximate —250 kcal/mol interac-
tion energy with NBD1 (NBD2), and cICL5 (cICL6) has
about —30 kcal /mol interaction energy with NBDI
(NBD2) in most time of simulations. The differences in
the interaction energies between cICLs and NBDs are
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Interaction energies between NBDs and cICLs (a) and the electrostatic (Ele) and van der Waals (vdW) energies between

NBDI and cICL1, cICL4 and cICLS5, and between NBD2 and cICL2, cICL3 and cICL6 (b).
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mainly caused by the different position relationship
between them. According to the structure of human P-gp
(Figure S6), cICL2 and cICL4 are closer than cICL1 and
cICL3 to the corresponding adjacent NBDs, which
makes the former have larger interaction energies than
the latter with corresponding NBDs. In addition, we
found that the electrostatic interaction energies are much
higher than the van der Waals interaction energies
between cICLs and NBDs (Figure 5(b)), which means
that the electrostatic interactions play an important role
for the allosteric signal transmission from NBDs to
TMDs. Here, comes another question that whether or not
there are some relationships between the cICLs-NBDs
different interactions and the conformational rearrange-
ment of human P-gp, which will be discussed in section
of Effect of cICLs-NBDs interactions on the reorienta-
tion of TM helices. How the energy is transmitted from
NBDs to the periplasmic part of TMDs is an interesting
question and important for us to understand mechanically
the rearrangement of the P-gp. This will be our future
work.

Effect of cICLs-NBDs interactions on the reorientation
of TM helices

In the preceding sections, two questions have come up.
The first one is why TM3 and TM6 helices move away
from the TM1 and TM2 helices, finally resulting in the
opening of TMDs toward the periplasmic side, and addi-
tionally why the different structurally corresponding TM
helix pairs separate from each other to different extent in
the periplasmic side. Another question is whether the dif-
ferences in interaction energies between cICLs and
NBDs are of great significance for the conformational

(a)

rearrangement of human P-gp. The answers to these
questions are very important for us to understand the
mechanisms of the rearrangement of human P-gp. In the
following part, still taking the first half of human P-gp
for example, we will try to explain and answer these
questions based on the information about the movement
directions of TM helices and the interaction energies
between cICLs and NBDs. According the movement
coupling between NBDs and TMDs, it is known that
cICL1 and cICLS, coupled with NBD1, move along neg-
ative x and y directions, while cICL2, coupled with
NBD2, moves in positive x and y directions. Generally
for an independent TM helix, it will tilt to the opposite
direction dragged by its bottom cICL. Thus we speculate
that the periplasmic parts of TM1, TM2, TM3, and TM6
should move along positive x and y axes, i.e. opposite to
the movement directions of cICL1 and cICL5, and the
periplasmic parts of TM4 and TMS should move on the
negative x and y axes, contrary to the movement direc-
tion of cICL2. However, the fact is that except for TM1,
TM2, TM4, and TM5, the movement directions of TM3
and TM6 are not like what we speculate above, but
along negative x and y axes (Figure 6). Combining the
information on the movement directions of periplasmic
parts of TM helices (Figure 3(d)) and the differences in
the interaction energies between cICLs and NBDs (Fig-
ure 5(a)), we think that the differences in the interaction
energies between cICLs and NBDs play an important
role for the real movement directions of TM3 and TM6
contrary to our speculation. In the real structure, the
movement of every TM helix will be affected by ener-
gies from not only the bottom cICL connected directly
with it, but also from the cICL connected with it through
the EL and a TM helix (Figure 6). For TM1 and TM2,

(b)

Figure 6. TMDI at the initial inward-facing conformation (a) and the final outward-facing conformation (b). Black filled arrows rep-
resent the movement directions of cICLs and black hollow arrows show the movement directions of periplasmic parts of TM helices.



the energies affecting their movements come only from
cICL1, while for other TM helices, the situations are
more complicated. For example, the energies affecting
the movement of TM3 come from its bottom cICL1
which makes TM3 move along x and y positive direc-
tions, and cICL2 connected with TM3 through TM4 and
EL which makes TM4, also TM3 move along negative x
and y directions. From Figure 5(a), we know the interac-
tion energy between NBD2 and cICL2 (-250 kcal/mol)
is much bigger than that between NBDI1 and cICLI1 (—
100 kcal/mol). Therefore, the movement of TM3 is dom-
inantly controlled by the energy from cICL2, which
finally leads TM3 to move on x and y negative direc-
tions. The movement directions of other TM helices can
also be explained in the similar way.

Additionally, it should be pointed out that the differ-
ences in the interaction energies between cICLs and
NBDs also influence the movement amplitudes of TM
helices. For example, according to the data in Figure 3(d),
the periplasmic parts of TM4 and TMS almost with the
same z coordinates, have different movement amplitudes
along negative x and y directions with the latter much
bigger than the former. According to the structure of
human P-gp, the energies affecting the movement of
TM5 come from the energy difference between cICL2-
NBD2 (250 kcal/mol) and cICL5-NBD1 (=30 kcal/mol)
which is much bigger than the energy difference between
cICL1-NBD1 (-100 kcal/mol) and cICL2-NBD2 (-
250 kcal/mol) which mainly affects the movement of
TM4. That is why the periplasmic part of TM5 moves
much farther than that of TM4.

Through the analyses above, we can conclude that
the subtle differences in the interaction energies between
cICLs (ICLs) with NBDs play an important role in lead-
ing the periplasmic parts of TM helices to open toward
the periplasmic side along the established directions and
in the appropriate amplitudes, achieving the conforma-
tional rearrangement of human P-gp from the inward- to
outward-facing states. The tight energy coupling between
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cICLs (ICLs) and NBDs ensures the coordinated opera-
tion of the allosteric process of human P-gp.

Explanation of the cross-linking and residue mutation
experimental phenomena

In order to further indicate the importance of the cICLs-
NBDs different interactions for NBDs in controlling the
opening of the periplasmic parts of TM helices along the
established directions and in the appropriate amplitudes,
here we try to explain some experimental phenomena
through this energy point of view proposed above. Loo
and Clarke (2015) have confirmed that both IH1/IH4 and
IH2/TH3 cross-linking can severely inhibit the activity of
human P-gp to transport substrates. According to this
energy point of view, in the situation of the cross-linking
of IH1 and IH4, the energies affecting the movement of
TM3 changes from the energy difference between
cICL1-NBD1 (-100 kcal/mol) and cICL2-NBD2 (-
250 kcal/mol) to the energy difference between the sum
of cICL1-NBD1 (-100 kcal/mol) and cICL4-NBD1 (-
250 kcal/mol) and cICL2-NBD2 (-250 kcal/mol). Evi-
dently, the cICLs controlling dominantly the movement
of TM3 changes from cICL2 to cICL1, which will
change the movement direction of TM3 from negative x
and y directions to positive x and y directions. Thus,
TM3 will not separate from TM1 and TM2, leading the
periplasmic parts of TM helices cannot open correctly
and furtherly the substrates cannot be released effec-
tively. The activity inhibition of human P-gp caused by
the cross-linking of TH2/IH3 can also be explained in the
similar way.

Additionally, Loo and Clarke (2015) have also con-
firmed that the mutant R262A and R905A at the same
time will maintain 70% of P-gp ATPase activity. To
explain this phenomenon, first we calculated the interac-
tion energies between every residue in IH2 (IH4) and
NBD2 (NBD1) (Figure 7). From Figure 7, it is clear that
the interaction energies of residues in IH4 with NBD1
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are approximately equal, while for IH2, the interaction
energy between Arg262 and NBD2 is dominant, which
has also been found in the simulation by Chang et al.
(2013), demonstrating that Arg262 plays an important
role in the interaction energy between cICL2 and NBD2.
Arg262 is a positively charged amino acid residue, and
it has a tight contact with a negatively charged residue
Glul084 situated in NBD2 (about 1.6-1.8 A between
the nearest atoms including hydrogen atoms respectively
from Arg262 and Glul084 during the simulation), while
Arg905 is about 6.8-9.8 A apart from the nearest nega-
tively charged residue Glu476 located in NBDI. This
may partially contribute to the reason why Arg262 has a
stronger electrostatic interaction with NBD2 than Arg905
with NBD1. The mutant R262A means the interaction
energy between residue 262 and NBD2 will decrease
from —95 kcal/mol to approximately —10 kcal/mol (taking
the interaction energy between Ala266 and NBD2 as an
approximation), which will cause the interaction energy
between cICL2 and NBD2 to reduce by about 85 kcal/-
mol, from -250 to —165 kcal/mol. Thus, the interaction
energy between cICL2 and NBD?2 is still larger than that
between cICL1 and NBD1 (—100 kcal/mol), but their dif-
ference becomes smaller to some extent. Therefore, the
movement amplitudes of TM3, TM4, TM5 and TM6
will decrease, which hints TMD1 cannot completely
open. From Figure 7(b), the mutant R905A will have a
minor impact on the interaction energy between cICL4
and NBDI, and thus the movement amplitudes of the
periplasmic parts of the helices in TMD2 will have
nearly no changes. Based on the analyses above, the
mutant R262A and R905A at the same time will only
affect the movement amplitudes of the first half of
human P-gp, and therefore the effects of the mutant
R262A and R905A at the same time decrease the activ-
ity of human P-gp to some extent.

It should be pointed out that so far consistent conclu-
sions have not been obtained about the importance of
Arg262 (in IH2) and Arg905 (in IH4) in the P-gp
ATPase activity. Pajeva et al. predicted that both of them
are critical for coupling ATP hydrolysis to drug efflux
based on the equilibrium MD simulation (Pajeva, Hanl,
& Wiese, 2013), while our and Chang et al.’s works
gave that Arg262 is important but Arg905 is not through
the targeted MD simulations (Chang et al., 2013). Exper-
imentally, Loo et al. found that both mutants (R262A/
R905A and T263A/T906A) retained about 70% of wild-
type verapamil stimulated ATPase activity (Loo &
Clarke, 2015). Based on the above results, we think that
compared with Arg905, Arg262 may be more important.
The reason for the decrease of ATPase activity for the
mutant R262A/R905A probably mainly comes from
R262A mutation. The decline of the ATPase activity in
the mutant T263A/T906A maybe lies in the effect of
T263A mutation on Arg262’s side chain and further its

interaction with Glul1084, which will result in almost the
same degree of decrease in the ATPase activity with the
mutant R262A/R905A. The above analysis is only our
speculation, and further experiments should be done to
demonstrate the importance of Arg262 in IH2 and
Arg905 in IH4 in the P-gp ATPase activity.

These two experimental phenomena about the cross-
linking and residue mutations can be explained by our
energy point of view. This indicates that the differences
in the cICLs (ICLs)-NBDs interaction energies are likely
to play an important role for human P-gp transition from
the inward- to outward-facing states. More structural and
biochemical evidences are needed to validate this point
in the future.

Additionally, protein rearrangement generally takes
place on the time scale of microseconds or milliseconds,
or even longer. Therefore, the 10 ns targeted MD simula-
tion of human P-gp transition in this work is of time
scale limitations. And this will be overcome as the com-
putational power increases in the future. Though, the
consistency of our results with some experimental and
other theoretical data hints that the results about the
movement and energy aspects are of reasonability to
some extent and are helpful for understanding the physi-
cal mechanism of human P-gp conformational transition.

Conclusions

In this study, the conformational rearrangement of human
P-gp has been simulated from inward- to outward-facing
states using targeted MD simulations. The human P-gp
inward-facing model is constructed through homology
modeling using the structure of mouse P-gp as the tem-
plate. The quality of the model is checked by Ramachan-
dran plot, and over 99% residues are in the acceptable
regions, indicating this model can be utilized in the tar-
geted MD simulations. It’s found that in the allosteric
progress, the NBDs have not only a translation move-
ment, but also a rotation movement between them. The
rotation movement mainly happens in xy plane and
ensures the two ATP-binding pockets form correctly. The
rearrangement is driven by NBDs, and the signal is
transmitted from NBDs to the cytoplasmic parts of
TMDs, and finally to the periplasmic parts. In this pro-
cess, the TM helices undergo a reorientation. To account
for this phenomenon, six structure segments cICLs have
been identified and the energy analyses confirm that the
interaction energies between cICLs and NBDs can repre-
sent those between ICLs and NBDs. The further analyses
on the relationship between the movements of TM
helices and the interaction energies between cICLs and
NBDs come to a conclusion that the subtle differences in
the interaction energies between cICLs and NBDs plays
an important role in leading the periplasmic parts of TM
helices to open along the established directions and in



the appropriate amplitudes, achieving the reorientation of
TMDs. The tightly energy and dynamic coupling
between cICLs and NBDs ensures largely the coordi-
nated operation of the allosteric process of human P-gp.
This energy insight can explain two experimental phe-
nomena about the cross-linking and residue mutations.
Our results give allosteric details and an energy insight
into the conformational rearrangement of human P-gp.
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