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ABSTRACT: P-glycoprotein (P-gp) is found to be of considerable interest
for the design of drugs capable of treating chemoresistant tumors. This
transporter is an interesting target for which an efficient approach has not
yet been developed in terms of computer simulation. In this work, we use a
combination of docking, molecular dynamics, and metadynamics to fully
explore the states that occur during the capture of a ligand and subsequent
efflux by P-gp. The proposed approach allowed us to substantiate a number
of experimentally established facts, as well as to develop a new criterion for
identifying potential P-gp inhibitors.

1. INTRODUCTION
The important role that P-glycoprotein (P-gp) plays in the
human body’s functioning has drawn the attention of
researchers and is reflected in a number of papers published
annually on this topic. The most characteristic P-gp function is
the protection of organs and individual cells due to the release
of various xenobiotics through the membrane. This transporter
possesses a low specificity; its substrates include various
endogenous substrates, dyes, and drugs.1−3

P-gp (∼170 kDa) consists of two pseudosymmetrical parts,
and each includes a cytoplasmic ATP-binding domain and six
hydrophobic transmembrane alpha-helices that form the
substrate translocation pathway4−6 (Figure 1). The efflux is
provided by the binding and subsequent hydrolysis of two ATP
molecules within the nucleotide-binding domains (NBDs).
The binding of ATP molecules promotes rearrangements in

the transmembrane domains (TMDs) and changes in the
protein conformation required for the transport of substances
across the membrane.7

At the moment, there is no single concept of substance
transfer; vacuum cleaner and flippase model are among the key
models.8,9 However, NBD dimerization and switch are clearly
the key steps.10 It is worth noting that the transport cycle is
usually considered from the apo state with ligand capture,
followed by the binding of two ATP molecules.9,10 There are
also diverging views on the role of ATP. Although most
researchers discuss about the need to bind and convert ATP to
ADP for conformational rearrangements,7,11 a number of
works consider ATP hydrolysis as an energy source.9,12

Many experimental data show that some small molecules are
able to suppress the efflux of classical P-gp substrates, which is
of interest from the point of view, for example, of tumor
chemoresistance suppression, as it is the activity of this
mechanism that is the key way to reduce the sensitivity of
tumor cells to drugs.13,14

At the moment, a number of effective P-gp inhibitors have
been proposed; all of them were obtained by the
comprehensive optimization (HTS, QSAR, and combinatorial
chemistry) of compounds that showed the ability to compete
for P-gp binding in addition to the main biological effect.15,16
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Figure 1. P-gp structure (PDB ID: 6Q81, 6C0V).

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

42835
https://doi.org/10.1021/acsomega.2c04768

ACS Omega 2022, 7, 42835−42844

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tatyana+A.+Grigoreva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Svetlana+V.+Vorona"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daria+S.+Novikova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vyacheslav+G.+Tribulovich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c04768&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04768?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04768?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04768?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04768?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04768?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/47?ref=pdf
https://pubs.acs.org/toc/acsodf/7/47?ref=pdf
https://pubs.acs.org/toc/acsodf/7/47?ref=pdf
https://pubs.acs.org/toc/acsodf/7/47?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04768?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04768?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04768?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04768?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c04768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


However, failures in clinical trials clearly indicate the need to
create the next generation of inhibitors, which requires a
transition to the rational design of compounds and the
development of a set of criteria to identify potential inhibitors.

From the point of view of computational methods, almost
the only approach is to substantiate the experimentally
established activity using docking.17,18 For example, the
authors9 substantiate the ability of tyrosine kinase inhibitors
to suppress doxorubicin efflux by the fact that they bind to the
same site according to the docking results.

It should be noted that in the case of rigid targets, such as
Mdm219−21 or AMPK,22−24 docking clearly proves its
effectiveness and high predictive power. However, the
structure of P-gp has a number of fundamental differences.
Binding sites for several classical substrates were historically
identified within the structure of the transporter: R-, H-, and so
forth.25−27 At the same time, almost the entire inner surface of
the protein has the ability to interact with the ligand, which
makes it extremely difficult to clearly identify a specific affinity
site for docking. Moreover, the transport activity of the protein
is determined by significant changes in the tertiary structure

Figure 2. Three docking areas as exemplified by bis-benzimide.

Figure 3. Considered compounds: high-affinity P-gp substrates (A); third generation P-gp inhibitors (B).
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that accompany the transfer of small molecule compounds
through the membrane, which also complicates the choice of
the most relevant fixed state required for docking.

Through the implementation of a comprehensive approach
to the study of P-gp, we propose a new look at the process of
small molecule compound transfer and inhibitor identification,
which allows not only to substantiate previously obtained
practical results but also to implement rational drug develop-
ment approaches starting from the stage of molecular
modeling.

2. RESULTS AND DISCUSSION
2.1. Identification of Inhibitors by Docking. Small

molecule ligands can bind to P-gp over a large surface, entering
P-gp both directly from the membrane and from the
cytosol.8,28−30 Although three main sites are known (H site,
R site,25,31 and modulator M site4), various binding options
have been proposed even for high-affinity P-gp substrates.32

The location of the H-site is more controversial; fluorescence
resonance energy transfer investigations suggested a location of
Hoechst 33342 in the cytoplasmic/inner leaflet side of the
transporter,33 while the use of a pharmacophore pattern for the
same dye suggested a location within the outer leaflet.34

We chose two areas for docking, which include the sites
mentioned in various works, and also first considered the area
formed at the final stage of the transported substance efflux on
the extracellular side of the transporter (Figure 2). Two

structures were used, respectively: the most cited murine P-gp
crystallographic structure at the inward-facing unbound (apo)
conformation (PDB ID: 4Q9H)35 and human P-gp in the
ATP-bound, outward-facing conformation (PDB ID: 6C0V).12

We used two groups of substances (Figure 3), expecting to
see differences between them: high-affinity P-gp substrates
(bis-benzimide, rhodamine 123, and doxorubicin) and
advanced P-gp inhibitors (tariquidar, zosuquidar, and
elacridar).

According to the calculations, both bis-benzimide and
rhodamine 123 tend to bind to site II, which is weakly
consistent with the literature data.32,36 Similarly, the
calculations do not explain the highest efficiency of zosuquidar
observed in vitro (IC50 = 10 μM vs 28 and 29 μM for other
inhibitors),37 as there is no difference in docking at site II, and
at sites I and III, zosuquidar shows weak results. In addition,
the scatter of the obtained binding energy values for the
studied compounds at the inward sites I and II does not exceed
2.5 kcal/mol (Figure 4).

Thus, none of the sites, taken separately, allows one to
demonstrate an unambiguous advantage of inhibitors over
substrates. However, analyzing the set of results, it can be
assumed that inhibitors have a greater affinity to the P-gp
cavity and are weakly bound to P-gp from the extracellular side
compared with substrates. Such a comprehensive approach,
despite the absence of a pronounced difference in the binding
energy, can be applied during the design of P-gp modulators.
The formulated criterion for the selection of small molecule

Figure 4. Docking results. Energetics of ligand interactions with different docking areas (A); ligand interactions with P-gp alpha helices, as
exemplified by bis-benzimide (B).

Figure 5. Flexibility and distance between P-gp NBDs: yellow, apo form of P-gp (efflux requires the binding of two ATP molecules); green, each
NBD is bound by one ATP molecule (corresponds to the active form ready for substrate transfer).
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compounds as P-gp inhibitors and substrates is in line with the
conclusions on the fact that inhibitors and substrates differ in
the ratio of rates of elimination and reuptake by the cell
membrane, made in the work.38

Despite the formulated criterion obtained based on the
docking results, the analysis of binding poses of the studied
compounds showed that the binding occurs simultaneously
with several TMD alpha-helices (Figure 4B). This fact can
ultimately significantly affect the obtained docking results given
the high conformational mobility of P-gp.

2.2. Simulation of P-gp Transport Cycle Dynamics. In
the case of such a conformationally labile target as the
transport protein that provides the transfer of substances due
to changes in its spatial structure, it becomes practically
unescapable to use methods that consider its dynamics. The
analysis of conformational rearrangements of a target protein
in the presence of a small molecule ligand often allows one to
formulate the criteria for the design of targeted molecules.39

Hence, we performed a computational study of P-gp by the
methods of molecular dynamics and metadynamics.

2.2.1. Role of Nucleotides in P-gp Structuring and
Flexibility. Efflux requires the binding of ATP molecules to
P-gp. Although there is a sufficient amount of ATP in the cell,
it is assumed that ATP uptake occurs after the binding of a
substrate.9,10 Nevertheless, the structures of P-gp presented in
PDB are in the inward-facing conformation, which do not
contain ATP due to the specifics of their construction.

To analyze the role of nucleotides in P-gp structuring and
flexibility, we simulated the dynamics of the entire system in
the membrane in the presence and absence of ATP using our
own completed protein model (see Materials and Methods).

The results unambiguously demonstrate that ATP stabilizes
a sandwich consisting of two NBDs with a layer of two ATP
molecules (Figures 5 and 6), while in this state, the transporter
can successfully capture substrates by maintaining the
dimensions of a fairly spacious internal cavity (Figure 6,
green, view II). Thus, when modeling, it is necessary to take

into account that, in the cell, where a sufficient amount of ATP
is always present, P-gp predominantly exists in this form.

We managed to reconstruct the processes that occur in the
transport protein during the efflux process using metady-
namics: we obtained a panel of states through which the
protein passes in the presence of ATP (Figures 7 and 8). The
free-energy surfaces are presented in the Supporting
Information; the analysis of the results is shown in Figure 8.

The obtained results again indicate that in the cell the
protein is most likely associated with nucleotides, as the apo
form is frankly unfavorable (Figure 8). In addition, the
computational experiment shows that the binding of two ADP
molecules is energetically very close to the binding of two ATP
molecules. However, the ATP concentration is significantly
higher than that of ADP in the real biological system, and the
ATP-bound state should dominate.

Figure 6. Spatial structure of P-gp: red, XRD data collected in the absence of ATP (PDB ID: 4Q9H); green, dynamic snapshot of homologously
extended P-gp in the presence of ATP (ATP not shown); light green, cryo-electron microscopy data collected in the presence of 9 mM Mg2+/ATP
(PDB ID: 6C0V, ATP not shown). View I, location of NBDs; view II, formation of a cavity between TMDs.

Figure 7. P-gp metadynamics in the absence of a substrate. Amino
acids used in the construction of the free-energy surface of the system
are indicated: red ○�S430, orange ○�K1208, blue ○�E93.
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In the resulting protein conformations, held together by
ATP molecules, there is still enough space to capture a ligand
from the cytoplasm or directly from the membrane (Figure 9,

green). In this state, a catalytically active P-gp-ATP/ATP
complex is formed, and hydrolysis of one ATP molecule,
accompanied by a large-scale rearrangement of the transporter,
occurs: in the P-gp-ADP/ATP complex (Figure 9, yellow), the
substrate-binding cavity contracts, but a channel on the
extracellular side of the membrane, previously closed in the
P-gp-ATP/ATP state (Figure 9, green), through which efflux is
possible, opens.

The sandwich held together by ATP/ADP formed after the
first hydrolysis turns out to be even more energetically
favorable (Figure 8) than P-gp-ATP/ATP, which allows it to
hydrolyze the second ATP molecule in the second catalytic
center. In turn, the resulting P-gp-ADP/ADP complex is less
strengthened, and NBDs diverge, after which ADP molecules
are replaced by new ATP molecules to repeat the transport
cycle (Figure 10).

The data obtained also suggest that a single nucleotide
substitution may be sufficient for efflux at the stage of the
formation of the P-gp-ADP/ADP complex (Figure 10, dashed
arrow), as the resulting P-gp-ATP/ADP complex both
energetically and spatially allows ligand binding in the
substrate-binding cavity (Figure 9). This assumption explains
the phenomenon noted in the course of studying the P-gp
interaction with its classical substrate:40 at a concentration of
1.5 mM ATP, 1 mol of triphosphate is consumed for every
0.57 mol of the substrate, while at a lower ATP level (0.3
mM), hydrolysis of 1 mol of ATP releases 0.83 mol of the
substrate.

Our results suggest that at a high ATP content, a rapid
change of both nucleotides in NBDs is possible, while in a
situation of energy deficiency or a significant excess of the
transported substrate, the substrate capture without a complete
renewal of NBDs with a shift in the ATP/substrate ratio from
2:1 to 1:1 is more likely (Figure 10). This view is consistent
with the concepts of alternating catalytic sites scheme41 and
unidirectional transport mechanism.42

2.2.2. Role of Ligands in P-gp Conformational Rearrange-
ment. P-gp possesses the basal activity: in a real system, the
cycle that we simulated above is realized even in the absence of
potential substrates. However, binding to small molecule

Figure 8. Energy profiles of P-gp conformational changes depending
on the bound nucleotides: dark gray�Apo-P-gp; yellow�P-gp-ATP/
ADP; light gray�P-gp-ADP/ADP; green�P-gp-ATP/ATP.

Figure 9. Energetically favorable states of the transporter in the
presence of the nucleotides: green�P-gp-ATP/ATP; yellow�P-gp-
ATP/ADP.

Figure 10. Alternative transport cycles of P-gp.
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compounds can significantly change the hydrolysis activity
toward both stimulation and suppression.

Analyzing the conformations of the transporter realized in
the presence of ligands (Figure 11) that bind to the substrate-

binding cavity of P-gp (high-affinity P-gp substrate bis-
benzimide and inhibitor tariquidar), we found a significant
difference in the energy profile of P-gp interactions with the
substrate and inhibitor (Figure 12).

The energy profile for tariquidar (an effective P-gp inhibitor)
practically corresponds to the profile of the P-gp-ATP/ATP
complex (Figure 12): the binding of the inhibitor contributes
to a smooth decrease in the free energy of the system in each
intermediate state, and the range of energetically favorable
states in this case is sufficiently wide and does not show a
tendency to collapse (Figure 13A).

The presence of a substrate (bis-benzimide) leads to a
significant change in the curve (Figure 12): the energy
minimum shifts toward the most collapsed states (Figure 13B).
Such a profile is typical for the asymmetric state of P-gp-ATP/
ADP (Figure 8), in which the release of the substrate molecule
into the extracellular space is possible.

Thus, the system tends to accelerate the rearrangement into
the outward-facing state in the presence of a substrate, while
the inhibitor contributes to the fact that all states, both

outward- and inward-facing, become equally stable (Figure
13).

Thus, the state of the transporter remains as close as possible
to the initial P-gp-ATP/ATP in the presence of an inhibitor,
and the inhibitor will not be transferred to the extracellular
space in the case of ATP hydrolysis in this state (Figure 14,
orange). At the same time, the binding of a proper substrate
facilitates the processes required for the efflux: the transporter
collapses with the opening of a channel for the release of the
substance into the extracellular space (Figure 14, blue). The
obtained data support the previously stated hypothesis that the
inhibitor can act as a spacer between the branches of P-gp,
preventing the conformational rearrangements required for the
release of a substance.27

3. CONCLUSIONS
P-gp has proven to be a difficult target for in silico studies due
to its high flexibility. P-gp is able to bind a wide range of
compounds, and the very fact of binding does not allow us to
conclude about their future fate: the substance can turn out to
be both a substrate, which is quickly eliminated from the cell,
and an inhibitor, which hinders the conformational rearrange-
ments of P-gp. In this case, classical docking as a part of
screening of large libraries has a low predictive power.
However, a thorough multiparameter analysis of the docking
results can bear fruit. Trends can be judged by the binding
difference at several sites or by the presence of specific
interactions, such as the appearance of an energetically
favorable brace at site III.

We identified characteristic energy profiles that differ
significantly in the case of P-gp inhibitors and substrates,
which allows one to unambiguously identify them, using
metadynamics. It can be expected that metadynamics will soon
become a routine screening method as docking, which will
open up the possibility for the rational approach to design
efflux inhibitors using the methods of computer simulation.

Despite many years of research on efflux transporters, there
is currently no unified concept of the transport mechanism. In
the course of studying the transporter dynamics, we proposed a
scheme that is in good agreement with both the results of
crystallography and modeling of other transporters and with
the biochemical data on the multifaceted activity of P-gp. In
particular, we managed to explain the experimentally
established regularity on the nonconstant ratio of the number
of hydrolysable ATP molecules in one efflux cycle. Our data
also confirm that P-gp practically does not occur in the apo
form but is usually associated with nucleotides, and this must
be considered when modeling various kinds of interactions.

4. MATERIALS AND METHODS
4.1. Structure Preparation. Small molecule structures

were drawn in ChemBioDraw (PerkinElmer). The generation
of 3D structures of small molecules was performed using the
LigPrep tool implemented in Schrodinger Suite 2020-4 in the
OPLS3e force field, with the generation of tautomers and
stereoisomers.43

RCSB Protein Data Bank was used as a source of protein
structures.44,45 All the used protein structures were prelimi-
narily prepared using the Protein Preparation Wizard tools
implemented in Schrodinger Suite 2020-4.43 Missing hydrogen
atoms were added; bond multiplicities, side chains of amino
acid residues, hydrogen-bond networks (for models obtained

Figure 11. P-gp metadynamics in the presence of a substrate.

Figure 12. Energy profiles of P-gp conformational changes depending
on the bound nucleotides and compounds: green�P-gp-ATP/ATP;
blue�P-gp-ATP/ATP + bis-benzimide; orange�P-gp-ATP/ATP +
tariquidar.
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by XRD analysis), and desolvation energies (for models with a
solvent from which it was removed) were corrected. The
structures PDB ID 4Q9H35 and 6C0V12 were used.

In order to eliminate the breaks in the P-gp chains, 6QEX,46

4M1M,47 and 6FN148 were used for homological modeling.
Discontinuities were repaired using a combination of

homologous and de novo modeling (the Prime tool,
Schrodinger Suite 2020-4).49

The membrane model is a phospholipid bilayer (POPE)
calculated for a temperature of 310 K (37 °C). The positioning
coordinates of the transmembrane part of P-gp were
established in accordance with the data presented in the
OPM database of transmembrane proteins.50

4.2. Ligand−Protein Docking. To parameterize the
binding of small molecules considered as P-gp interactants,
we used the method of flexible molecular docking
implemented in the Glide program.51

The size of the docking area is consistent with the size of the
ligand; the upper size limit is 15 Å. Up to 20 poses were
generated for each structure. The optimality of posing was
determined based on the GlideScore and Emodel indicators, as
well as on the clustering ability of docking solutions.

Docking of small molecule compounds was performed with
reference to the following amino acids: Inward site I�M982
and F299; Inward site II�F979, M982, M945 (PDB ID:
4Q9H); Outward site�F336, F739, F971 (PDB ID: 6C0V).

4.3. Molecular Dynamics and Metadynamics. Molec-
ular dynamics and metadynamics of the studied structures
were simulated using the Schrodinger Suite 2020-4 software
package, the Desmond module;52 molecular systems with an
explicitly specified solvent were used.

The protein model in the membrane was placed in an
orthorhombic region with a buffer zone of 20 Å from the
protein surface. The simulation area was filled with a model
solvent simulating saline (water, SPC model53). The charge of
the system was neutralized by adding additional sodium or
chloride ions. The OPLS3e force field was used.54

All molecular systems were preminimized and equilibrated.
Simulation parameters: time, 100 ns; NPT environment;
temperature, 310 K; and registration step, 0.02 ns. In the case
of metadynamics, the bias potential was set as an increase in
energy by 0.03 kcal/mol in 0.09 ps.

Collective variables required to construct the free-energy
surface of the system were set as follows: the distance between
Cα of selected amino acids S430 and K1208, as well as the
angle between Cα of amino acids S430, E93, and K1208. The
choice of binding sites is associated with their high rigidity,
which reduces the likelihood of conformational noise that leads

Figure 13. Inhibitor binding evenly increases the energy advantage of all intermediate states (A), while substrate binding promotes the transition to
the outward-facing state (B).

Figure 14. Energetically favorable states of the P-gp-ATP/ATP
complex in the presence of bis-benzimide (blue) and tariquidar
(orange). In the case of bis-benzimidine, a channel for the release of
the substance is formed, while the release of tariquidar is not possible
due to the absence of a channel.
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to blurring of free-energy indicators. S430 and K1208 are
located in rigidly structured fragments essential for ATP
binding, while E93 reflects the rotation axis, around which
NBD-containing half-molecules of P-gp are displaced during
the transport cycle.

For each considered system based on P-gp, a free-energy
surface was constructed. Points corresponding to the local and
absolute free-energy minima of the system, as well as points
describing ultimate indicators of the system, were selected for
the analysis.
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