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Permeability-glycoprotein (P-gp) belongs to the ABS transporter protein family,
with a high expression rate in cancerous cells. The substrate/inhibitors of the
protein are structurally diverse, with no lucid mechanism of inhibition. There are
two schools of thought on the inhibition mechanism: (i) P-gp inhibitors bind to
the huge hydrophobic cavity between two Trans-Membrane Domains (TMDs),
supported by ample literary proof and (ii) P-gp inhibitors bind to the vicinity of
Nucleotide-Binding Sites (NBSs). Structural biologists have presented several
experimental and theoretical structures of P-gp with bound nucleotides and
inhibitors to explain the same. However, the available experimental P-gp
structures are insufficient to address the catalytic transition path of
mammalian P-gp in detail, thus the dynamics and mechanism by which drugs
are effluxed is still unknown. Targeted Molecular Dynamics (targeted MD) could
be used to minutely analyse and explore the catalytic transition inward open (10)
to outward open (OO) and relaxation path (OO to IO). Finally, analysis of targeted
MD trajectory may help to explore different conformational states of Pg-p
(reaction coordinate of catalytic transition/relaxation), efflux of compounds
aided by the dynamics of Nucleotide Binding Domains/NBDs (ATP coupled
process) and TMDs (peristalsis-like movement pushes the bound molecule).
This review presents an understanding of the catalytic transition and dynamics
of protein which provides insights at the efflux of chemotherapeutic drug using in
cancer treatment.

KEYWORDS

ABC transporter, homology modelling, targeted molecular dynamics, catalytic
transition, dynamics of NBDs and TMDs, P-gp inhibitors and substrates, multiple drug
resistance (MDR), efflux

1 Introduction

ABC transporter proteins are among the essential membrane transporters responsible
for reduced bioavailability and multi-drug resistance (MDR), representing a captivating
target for intrusion. Permeability-glycoprotein (P-gp) or human MDR1/ABCBI protein is
the extensively used transporter protein (Ambudkar et al., 1999). P-gp is abundantly present
in the kidney, adrenal gland, colon, testis endothelial cells, liver, brain, respiratory mucosa,

Abbreviations: P-gp, permeability-glycoprotein; 10, inward opening; OO, outward opening; NBSs,
nucleotide binding sites; TMD, trans-membrane domain; CT, catalytic transition; NBD, nucleotide
binding domain.
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placenta, and other tissues as well. However, in solid tumour tissues,
expression of P-gp is abundant in non-small cell lung carcinoma and
neuroblastoma of the breast, pancreas, colon, adrenal, liver, renal,
and ovaries.

As formerly mentioned, P-gp expression has been linked to
reduced bioavailability of substrates resulting in poor clinical
outcomes in several pathological conditions. It reduces the
bioavailability —of  clinically molecules, mainly
hydrophobic, and acts as a ‘hydrophobic’ vacuum cleaner
(Sharom, 2011a). However, how ABC effluxes its substrate is still
not very lucid. Furthermore, several hypotheses of the transport

essential

mechanism of ABC transporter have been critically analyzed by
various research groups (Tripathi et al., 2015). This review focuses
on Inward Opern (IO) and Outward Open (OO) states of P-gp

10.3389/fddsv.2024.1363364

structure, the structural arrangement of different domains, the use of
targeted Molecular Dynamics (targeted MD) to explore the
(THs)
and different conformational

of Trans-membrane Helices and Trans-

(TMDs),

states/catalytic transition states of p-gp protein during catalysis.
Bacterial P-gp is encoded in two peptides (e.g., PDB ID: 2HYD)

(Dawson and Locher, 2006) compared to single peptides in mice and

dynamics
Membrane Domains

humans. Mouse P-gp has ~1,280 residues, organized into two
homologous, pseudo-symmetrical domains joined by a linker of
~76 residues (633-709) (Nuti and Rao, 2002). The basic domain
organization of ABCCl (MRP1), ABCBI1 (P-gp), and ABCG2
(BCRP) transporters are shown in Figure 1. The MDRI protein
has two TMDs with six THs; respectively in each domain with two
Nucleotide Binding Domains/NBDs and an additional Trans-
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P-gp

Domain organization of highly expressive ABC transporter proteins of ABCC1, ABCB1, and ABCG2 family, conferring Multiple Drug Resistance (MDR).
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Multiple sequence alignment of Nucleotide Binding Domains (NBDs) of different organisms: Homo sapiens (P08183), Gorilla gorilla (G35959),
Nomascus leucogenys (AOA213GNI3), Sapajus apella (A\OA6J3FUEOQ), Canis lupus familiaris (AOASF4BVH2) and Lynx canadensis (AOA667GS53), showing
high dissimilarities among them.

Membrane Domain/TMD named as TMDO consisting of five THs
(Bera et al., 2018), while the ABCG2 (BCRP) family has only one
NBD and TMD with six THs. While ABCB1 (P-gp/MDR1) family of
transporter consist of two TMDs, each consisting of six Trans-
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membrane Helices (THs) that provide a passageway for the cargo,
and two cytoplasmic NBDs that binds and hydrolyze ATP (Sharom,
2011a) (Figure 2). The NBDs of ABC proteins contain three highly
conserved regions namely: the Walker A and Walker B motifs
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https://www.frontiersin.org/journals/drug-discovery
https://www.frontiersin.org
https://doi.org/10.3389/fddsv.2024.1363364

Rani et al.

10.3389/fddsv.2024.1363364

TABLE 1 Small molecules identified to be interacting with Permeability-glycoprotein.

Category Compounds

Chemotherapy Agents
Topotecan, Irinotecan

Anti-microbial

Doxorubicin, Vinblastine, Vincristine, Paclitaxel, Docetaxel, Etoposide, Mitoxantrone,

Antibiotics Macrolides: Erythromycin, Azithromycin, Clarithromycin

References

Dantzig et al. (2003), Breedveld et al. (2006)

Dewanjee et al. (2017), jia et al. (2002)

Fluororquinolones: Norfloxacin, Ciprofloxacin, Levofloxacin Antifungal: Azoles:
Ketoconazole, Fluconazole, Itraconzole Echinocandins: Anidulafungin, Micafungin,

Caspofungin

Cardiovascular Drugs = Digoxin, Verapamil, Diltiazem, Amiodarone

HIV Protease
Inhibitors

Ritonavir, Saquinavir, Indinavir

Immunosuppressants

Cyclosporine A, Tacrolimus (FK506), Sirolimus (rapamycin), Everolimus

Wessler et al. (2013)

Wessler et al. (2013)

Warrington and Shaw (2005)

Miscellaneous Drugs

inflammatory)

Loperamide (antidiarrheal), Quinidine (antiarrhythmic), Ondansetron (antiemetic),
Lamivudine (antiretroviral), Fexofenadine (antihistamine), Colchicine (anti-

Sanchez-Covarrubias et al. (2014), Shebley et al. (2017),
Silva et al. (2021)

(common in many ATP-binding proteins) and the Walker C
(Signature of ABC transporter proteins) motif (Holland and
Blight, 1999). The X-ray crystal structures of several isolated
nucleotide binding subunits of bacterial ABC transporter proteins
reveal an interdigitated head-to-tail arrangement, also
acknowledged as a sandwich dimer (Eckford and Sharom, 2009).
It has been also noted that the two ATP molecules bind at the
interface of the sandwich dimer, which interacts with the Walker A
and B motifs of one NBD and C motif of the partner domain.
P-gp, plays a significant role in cancer treatment as well,
particularly in the development of resistance against
chemotherapeutic drugs (Alfarouk et al, 2015). It is a well-
established fact that P-gp is a membrane protein that acts as an
efflux pump/vacuum cleaner which actively transports a wide range
of drugs out of cancerous cells, reducing the intracellular
concentration of drugs, resulting in low susceptibility towards
chemotherapeutic agent cytotoxic effects. Moreover, P-gp is
overexpressed in cancerous cells which enhances the efflux of
several chemotherapeutic drugs leading to accelerating problem
of Multiple (MDR)
management (Assaraf et al., 2019). One among many strategies

Drug Resistance rendering treatment
to overcome P-gp mediated drug resistance includes the
incorporation of P-gp inhibitors with chemotherapy to hinder
the efflux activity of P-gp to enhance the concentration of drugs
for more effectiveness (Zhang et al, 2021). Researchers are
additionally working on ways to develop chemotherapeutic drugs
that are not suitable substrates for P-gp but have potential activity
concerning cancer treatment. To actively induce this idea, it is very
important to understand the structure and mechanism of P-gp
which has been discussed in this review, along with possible
approaches and techniques required to understand the function
of P-gp.

2 Substrate, modulator, and inhibitors
of permeability-glycoprotein

Over decades, many small molecules such as clinically used
drugs, natural products, chemotherapeutic agents, fluorescent dyes,

Frontiers in Drug Discovery

and linear and cyclic peptides (Sharom, 2008; Eckford and Sharom,
2009) have been identified as P-gp substrates (Table 1) and
inhibitors (Table 2). Over a while, many molecules have been
reported to be P-gp inhibitors, belonging to varied groups and
generations of compounds. Some of them act as modulators for anti-
cancer drugs as well. However, the question arises: “How does P-gp
accommodate these diverse substrates and inhibitors?” There are
two schools of thought about the binding of P-gp inhibitors: First,
P-gp inhibitors bind at the substrate-binding domain, which is
located at TMD/TMD interfaces (Pleban et al.,, 2005; Aller et al.,
2009). The second states that P-gp inhibitors interact at the NBDs,
thereby competing with ATP binding (Brewer et al., 2014; Tripathi
et al., 2015). Studies have been reported that, there are inhibitor
compounds that affect nucleotide (ATP) binding to the P-gp causing
the hindrance in efflux (Brewer et al., 2014). Moreover, it has also
been reported that phospholipid in bilayer membrane composition
do affect the thermal unfolding of P-gp, altering the basal ATPase
(Clay et al., 2015). Our group (Singh et al., 2013) reinforce both of
these theories, i.e., the third generation of inhibitor; flavonoid
(Abdallah et al,, 2015) and steroid (Orlowski et al., 1996) binds
at NBDs. In contrast, the sizable macrocyclic molecule may bind at
the TMD domain of P-gp and compete with the binding of P-gp
substrates.

Apart from the formerly mentioned two schools of thought,
P-gp inhibitors might be binding somewhere at structural transition
states (NBDs/TMDs) of P-gp. Different structural transition states
of NBDs/TMDs of P-gp may answer substrate and inhibitor
recognition promiscuity through this transporter and hence it is
of utmost importance to study the mechanism of catalytic transition
of P-gp and its different conformational states.

3 Conserveness in nucleotide binding
domain (NBDs) and trans-membrane
domains (TMDs) in permeability-
glycoprotein

Multiple Sequence Alignment (MSA) has been performed using
online server Clustal Omega (https://www.ebi.ac.uk/jdispatcher/

frontiersin.org
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TABLE 2 Different class of compounds with inhibiting/modulating activity against Permeability-glycoprotein (Bansal et al., 2009; Boumendjel et al., 2009;

Singh et al., 2013).

Generation Compounds Distinguishing features
First Aminodarone, Cyclosporin, Quinidine, Quinine, Verapamil, | Competitively inhibit P-gp function, thereby increasing intracellular drug concentrations
Nifedipine, Dexniguldipine Have significant off-targets and poor specificity towards P-gp
Second Valspodar, Biricodar, Dexverapamil Developed by modifying the ‘First generation compounds’ with improved specificity,
increased potency and reduced off-target effects
Third LY457576, Zosuquidar, Tariquidar, Elacridar, V-104, Designed with higher potency and specificity for P-gp compared to earlier generations,
Laniquidar, $9788 exhibiting non-competitive or mixed inhibition
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FIGURE 3

Multiple sequence alignment of twelve Trans-membrane Helices (THs) of human P-gp showing high dissimilarity.

msa/clustalo) at its default settings, to estimate the conserveness in
different helices and domains of P-gp. As discussed formerly, P-gp
belongs to the transporter protein subfamily ABCB, responsible for
transporting many substrates and drugs in and out of the cell. It is
well perceived that P-gp has two NBD that bind ATP, which further
participates in the drug effluxing mechanism through ATP
hydrolysis (Sharom, 2011b). So, it is worth presenting the MSA
of NBD to reasonably infer the evident changes in the sequence as
evolution has proceeded. Visual depictions of the alignment as in
Figure 2 illustrate conserveness in the NBD domain of P-gp in
various organisms with a few mutation events that have appeared at
different amino acids, during evolution in protein segments of
different organisms.

THs of human P-gp have also been aligned (Figure 3) with each
other. Different helices have different movements to ease the
transportation of substrates through the membrane. Each helix
has a different amino acid sequence to allow movement and
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flexibility. Variation in sequence of THs is quite visible through
MSA, and the hydrophobic region formed by the hydrophobic
amino acid residues cannot be denied. Later the sequence has
been evaluated based on the arrangement of amino acids in 3D
coordinates.

It has been unearthed that several sets of amino acid residues of
THs responsible for binding drugs are present in a specific 3D
arrangement (hydrophobic inner core), making it possible for
compounds to be transported through membranes even after
mutation at the binding site as visible MSA of Figure 3. Thus,
proving the presence of multiple sites in the TMD interface, it
provides numerous possibilities, including substrate diversity, which
explains the broad substrate specificity also known as poly-
specificity of P-gp. Sequence variability of THs admittedly
facilitates fine-tuning between the substrate and binding sites
(primary or secondary site) for effective binding, facilitating the
accommodation of different molecules on multiple sites, thereby

frontiersin.org
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connects THs to NBDs.

explaining the phenomena of poly-specificity of P-gps and other
ABC transporters.

4 Structural organisation of human
P-gp: arrangement of loop, helices,
and motifs

The molecular structure of ABC transporters has been determined
from various organisms in IO and OO states (Figure 2). The first
X-ray crystal structures (PDB ID: 3G5U) of mouse P-gp in an IO
conformation were reported in 2009 (Aller et al, 2009). A drug-
binding pocket within the protein’s trans-membrane sections has
yielded many crystal structures, both with and without bound cyclic
peptide substrates. These structures have been identified in the
absence of nucleotides. Earlier, a atomistic resolution of 3.4 A
crystal structure of C. elegans ABC transporter protein in an IO
state (PDB ID: 4F4C), without bound substrate and nucleotide was
reported in 2001 (Jin et al., 2012). Another structure of mouse P-gp
(PDB ID: 4M2S) with resolution 3.4A was also solved (Li et al., 2014).
In 2009, researchers started to focus their interest on P-gp however,
besides chimeric structures, there is no reliable structure yet available
for human P-gp.

Human P-gp (ABCB1/MDRI1) consists of single peptide of
1,280 amino acids and has an approximate weight of 170 kDa
(Sharom, 2011a). It has a domain arrangement of TMD1-NBDI-
TMD2-NBD2, which forms two pseudo-symmetrical halves linked
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by a residue chain of approximately 76 amino acids (from 633 to
709), known as the linker as shown in Figure 4 (Nuti and Rao, 2002).
The approximate human P-gp linker region starts from G633 and
expands upto 76 residues downstream. It has been reported that the
linker regulates the inherent substrate specificity of P-gp and also
maintains the tightness of coupling between the ATP hydrolase
reaction and substrate recognition (Nuti and Rao, 2002). Each of the
halves has one TMD and one NBD (Higgins and Linton, 2004). Both
TMDs has six THs linked by intercellular helices (Coupler Helices)
and extracellular loops. P-gp has four coupling helices/intracellular
helices (CH1, CH2, CH3, CH4) as listed in Table 3, that mediate the
cross-talk between TMDs and NBDs through interaction with
residues of NBDs. The CHI1, CH4 interact with NBDI, and
CHI is located in between TH2 and TH3, while CH4 is located
in between TH10 and TH11. CH2 is present in between of TH4 and
THS5, while a CH3 is located at the end of TH8 and begins TH9 and
interacts with NBD2. All these CHs serve as physical relays that
carry a conformational shift from NBD to TMD (Bansal et al., 2009;
Boumendjel et al, 2009) as presented in Figure 4. The length,
position of CHs and residues of NBDs adjacent to each CHs
(4A) are shown in Figure 4; Table 3 (Loo and Clarke, 2013; Loo
and Clarke, 2014). Each NBD has an ATP binding pocket. Walker A,
Walker B, H loop, Q loop, A loop of one NBD, D loop, and ABC
signature motif (Walker C) of other NBD forms one ATP binding
pocket (Sauna and Ambudkar, 2007; Pan and Aller, 2015). The
positions of Walker A, Walker B, Walker C, A loop, Q loop, H loop,
and D loop have been mentioned in Table 4; Figure 5.
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TABLE 3 Position of coupler helices/interlinking helices in protein sequence and residues from Nucleotide Binding Domain (NBD) interacting with coupling
helices (around 4 A).

Coupler Position Interacts Residues of NBDs in close contact with coupling helices (around 4 A)
helices (CHs) with
CH1 Etso-Der NBDI 155-158, 368, 374, 376, 377, 401-403, 413, 414, 467
CH2 Azso-Gass NBD2 257-259, 269-271, 797, 799, 800, 804, 805, 1,081, 1,084, 1,086, 1,087, 1,107, 1,110, 1,115, 1,121, 1,131,

1,135, 1,188, 1,189, 1,192

CH3 Veo1-Kaos NBD2 261,262, 265, 659, 688-690, 796, 797, 799, 800, 809, 810, 814, 817, 1,007, 1,011, 1,017, 1,018, 1,044-1,046,
1,081, 1,085-1,087, 1,110

CH4 Fe04-Qo12 NBD1 156, 157, 162, 163, 168, 379, 441, 443, 463, 464, 467, 468, 472, 178, 480, 490, 491, 492, 493, 527, 547,
900-903, 913-916, 919

TABLE 4 Motifs and loops at ATP binding domain and their relative position in the sequence.

Motif and loops of ATP binding pocket Domain Position
A B
Walker Al Walker A2 NBD1 NBD2 Gazr—Tazs Gioro-Tho7s
Walker B1 Walker B2 NBD1 NBD2 Iss1—Esse T1106—E1201
Walker C2 Walker C1 NBD2 NBD1 Q1175-Q1180 Qs30-Qs3s
A loopl A loop2 NBD1 NBD2 Ya01-Raos Y104a—R10a7
Q loopl Q loop2 NBD1 NBD2 Qe Qi11s
H loopl H loop2 NBD1 NBD2 Hess7 Hizs2
D loop2 D loopl NBD2 NBD1 Dizo7 Dsez
5 Structure of human permeability- 6 Importance of molecular dynamics
glycoprotein: determlped throuk?h simulation to explore conformational
various computational approac states of permeability-glycoprotein
Despite the many P-gp structures solved, no high-resolution Studying structural stability in protein (no steric clashes or

crystallographic structure is available for human P-gp. Several  inappropriate geometries) is of utmost importance before taking
attempts have been made to model human P-gp in IO as well as it further for complex analysis. Structural stability could be achieved
OO conformation, to represent the two conformational states of the by performing short conventional molecular dynamics simulations,
protein. Recently, an IO confirmation electron microscopic structure of ~ and stability could be determined via various analyses (basic
P-gp (PDB ID: 6QEX) has been reported (Alam et al, 2019). Due toa  analysis: RMSD, RMSF, Rg, H-bond analysis etc. as well as
lack of clear structure with good resolution in the database, structural ~ advanced analysis: protein-ligand interaction analysis through
biologists have moved towards the theoretical structure of human P-gp. ~ MM-PBSA/MM-GBSA, PCA, free energy landscape, energy maps
It could be designed using either homology modelling, fold recognition/  etc.) of simulation trajectories. These analyses are necessary to
threading, ab initio (if the homologous structure is unavailable and the ~ explore the dynamics of protein during simulation, and to
protein fold is unique), or a combination of two techniques. understand the conformational changes in a protein which are
Homologous structures of human P-gp are available except for the  important to carry out its biological functioning a large-scale
linker region. Thus, either homology modelling, fold recognition, ora ~ molecular dynamics simulation or enhanced conformational
combination of both could be used to establish a theoretical model. A sampling approaches may be useful (Mandal et al., 2023). They
modelled and validated structure of human P-gp RefSeq sequence NP_  also aid in identifying stable and flexible regions of the simulated
001335875.1 has been shown in Figure 2, with elaborated and detailed ~ protein structure, relating to the characterize conformational
annotations as shown in Tables 3-5; Figure 6 (Sayers et al,, 2010; Bera  changes, which crucial in context to protein function.
et al, 2018). Similarly, P-gp mechanism and drug efflux process could be
Since the P-gp protein shows sequence variability and functional ~ explored by employing molecular dynamics simulations, which has
(substrate and inhibitor recognition) diversity, it is difficult to model ~ been a subject of active study in recent years. In the case of Pg-p
P-gp using the homology modelling method. Thus, it would be wise ~ dynamic movement in all the domains, especially in TMDs (mimics
to model the structure using theoretical methods (threading or ab  peristalsis-like movement) has been reported during its catalytic
initio modelling) to create average IO and OO structure frames with  transition of effluxing molecules out of the cell (Korkhov et al,
greater clarity, followed by its Molecular Dynamics (MD) simulation ~ 2012; Manolaridis et al., 2018). Another study reported difference in
to determine its structural stability, as discussed in the next section.  the interaction pattern of molecules with substrate or modulator activity
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G427 G1070
N428 S1071
S429 S1072
G430 G1073
C431 Cclo74
G432 G1075
K433 KX1076
S434 S1077
T435 T1078

I551 I1196

L552 L1197

L553 L1198

L554 L1199

D555 D12006

E556 E1201
FIGURE 5

D164 D805
NBD1 NBD2
Y401 Y1144

P402 P1045
S403 S1046
R404 R1047

L531 L1176
S532 S1177
G533 G1178
G534 G1179
G535 Q1180

Residues interacting with ATP molecules at the ATP binding site in Nucleotide Binding Domains (NBDs).

TABLE 5 Selected amino acid residue pair for computing dynamic movement of respective Trans-membrane Helices (THs) and their Trans-Membrane
Domains (TMDs) (Wise, 2012).

Helical pair Residue of extracellular/external region Residue of intracellular/internal region
1#7 721732 51/711
248 112/753 156/797
349 210/856 168/811
4#10 217/916 256/895
5411 318/916 270/916
6#12 328/972 368/1,010
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D
H,0
/ 2ADP + 2Pi
Open state
Closed state
Open state c
Intermediate state
Intermediate state
2ATP
Substrate
A
B
ATP + ATP
FIGURE 6

Schematic representation of catalytic transition stepwise pathway of ABC transporter protein showing efflux process of a compatible substrate. (A)
Binding of substrate at Nucleotide Binding Domains (NBDs) in Inward Open (IO) state of protein, (B) Transport of bound substrate through Trans-
membrane Helices (THs) of Trans-Membrane Domains (TMDs) of protein, (C) Efflux of substrate through Outward Open (I0) conformation of protein, and

(D) Relaxation of protein at Inward Open (IO) state.

towards P-gp, as observed throughout simulation. The difference in
compound could be correlated to the conformational changes of protein
attained after small molecule interaction, that may trigger initial step of
efflux. It has been observed that modulators tend to have higher number
of non-bonded interactions (hydrophobic) when compared with P-gp
substrate molecules. Thus, it has been proposed that the signal
triggering the efflux could be interconnected to the presence/
entrance of molecule in the internal cavity of P-gp (Ferreira et al,
2012). A different study talks about the energetic being the driving force
for transport of molecules like verapamil and doxorubicin. Electrostatic
repulsion (powered by positively charged resides) initially greatly
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contributes in verapamil transport and in later the stage transport in
driven by hydrophobic interaction (Wang and Sun, 2020). Several
studies with special emphasized on THs revealed that the trans-
membrane region forms active sites for varied molecules comprising
of hydrophobic residues which contributes in ligand binding to P-gp,
explaining the reason for binding of hydrophobic drugs. It is also
revealed that rigid compounds are less venerable as compared to flexible
compounds when it comes at being P-gp substrate, as they are
incompetent to modify their conformation to interact with binding
site. These facts combined indicates that lipophilicity is a crucial criteria
for designing of anticancer drugs (Prajapati et al,, 2013). In a recent
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TABLE 6 Position of 12 Trans-membrane Helices (THs) in protein sequence of human Permeability-glycoprotein.

Trans-membrane helices (THs) Trans-membrane domains (TMDs) Position
TH1 TMD1 Woaa—Les
TH2 TMDI1 See-M 156
TH3 TMD1 Vies—Rato
TH4 TMD2 Kz13-Ezss
TH5 TMD2 Kar1-Sazs
TH6 TMDI1 Gazo - Daro
TH7 TMD2 Ress—Ero7; V712-Tra0
THS TMD2 Eras—Qron
TH9 TMD2 Ton—Tes2
THI10 TMDI1 Gasa—Esoz
THI11 TMD1 Esta—Yoez
THI12 TMD2 For1-Sess; Dosr-Ero13

study researchers have reported natural P-gp inhibitors with potential
study, based on their molecular docking outcomes, promising the
innovative approach of computational study could be a cost-effect
by-pass of conventional time inhibitive screening method (Dey et al,,
2024). Such studies exhibits the utility of computational biology and
molecular dynamics to elucidate the structural dynamics correlating to
mechanism of P-gp, presenting the research community with valuable
insight about drug efflux, multidrug resistance, pointers in potential
drug development targeting P-gp to treat diseases like cancer.

7 Conformational changes in
nucleotide binding and trans-
membrane domains

As catalytic transition proceeds in P-gp and it goes from I0—OO,
changes in the position of domains (NBDs and TMDs) are observed.
The coordinated movement of these THs (Table 6) plays a major role in
conformational shift of the P-gp structure once ATP hydrolysis has
occurred. By monitoring the changes in the position of the domain,
conformational changes could be traced. It is inconvenient to trace
changes in whole domains, though this slight hindrance can be
surpassed by picking up a relevant and essential residue that could
be monitored in the domain. As reported by Wise, J.G., and coworkers
in 2012, the catalytically critical glutamyl residues 556 and 1,201 present
in the two NBDs are thought to be involved in the activation of the
catalytic water of hydrolysis at the catalytic sites. As the simulation
proceeds from IO—OO conformation, the separation distance in these
residues decreases and afterwards remains relatively constant. These
changes and movements in P-gp correlate with the rotation of the two
NBDs relative to each other. Simultaneously, these conformational
changes also affect the drug-binding domain, which undergoes a
catalytic transition from fully I0O—OO.

Direct involvement of Q-loop in NBD-TMD interaction/
communication is well known as reported in earlier works
(Lawson et al., 2008). Q-loop consists of a conserved glutamine
residue followed by an 8-9 residue segment (Table 5). It is highly
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flexible and probably undergoes conformational changes during the
catalytic transition from IO—QOO. This loop or the conserved
glutamine residue has been monitored to overt knowledge of the
mechanism of P-gp catalytic transition. There has also been a report
regarding the conformational switching of Q-loop, which causes
communication between the substrate and catalytic site (TMDs and
NBDs) in ABC transporter proteins (Jones and George, 2002).

Similarly, the dynamics of TMD have been monitored by computing
the relative position of selected intracellular and extracellular amino acid
residues. Drug molecules are effluxed through a channel/passage built by
two trans-membrane domains, each having six THs (Wilkens, 2015).
Catalytic transition powered by ATP hydrolysis triggers the
conformational change in the helices of both TMDs and dynamic
movement allows translocation of the substrate from intracellular to
extracellular space (Hollenstein et al,, 2007) (Table 5). As mentioned
earlier, the whole domain cannot be monitored for movements; thus, a
few residues from each TMD are selected based on their importance in
functional aspects. The occurring changes during the catalytic transition
(Table 5) can be monitored. Wise JG has reported significant dynamic
movement occurring in the helices that form the drug-binding sites of
P-gp, during catalytic transition. Opening of the drug binding sites to the
extracellular space of the cell occurs as the ADP-Vi transition state
approaches. The twisting of the NBDs as they fully take part in the
catalytic transition, coupled with the helical movements of TMDs, leads
to the opening of the drug’s two efflux sites (Wise, 2012).

8 The conformational state of
permeability-glycoprotein may explain
the promiscuity of substrate/inhibitor
recognition

P-gp is known to recognize and efflux a variety of chemical
compounds (also named the hydrophobic vacuum cleaner of the
cell) of varied nature, including amphipathic anti-cancer-agents
as mentioned in earlier sections as well (Ambudkar et al., 1999;
Ambudkar et al., 2006; Szakdcs et al., 2006). It is also tiring to
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predict the mechanism of P-gp, and whether it adapts the same
conformation when binding to its substrate, modulator, and
inhibitors in addition to that, it is also difficult to decipher
whether its schematic activity is dependent upon the size,
shape, or other substrate properties such as their interaction
feature. The curiosity of researchers has led to the enlightenment
of substantially valuable knowledge regarding this specific
property, i.e., the poly-specificity of P-gp. It was believed that
P-gp exhibited a large conical cavity in its trans-membrane
region consisting of a pocket with multiple binding sites (Loo
et al, 2003; Aller et al., 2009). Two different cyclic peptides
(QZ59-RRR and QZ59-SSS) bind at the same binding pocket but
at different sites (Aller et al., 2009).

Another team of researchers reported the possibility of P-gp
containing at least two transport-active drug binding sites: (i.) the
H-site having specificity for Hoechst 33342 and colchicine, and
(ii.) the R-site, as it binds to rhodamine 123 and anthracyclines
(Shapiro and Ling, 1997). Later, a third binding site with
allosteric properties was reported with an affinity for prazosin
and progesterone (Shapiro et al., 1999). In a radioligand study, it
has been revealed that P-gp accommodates more than two drug-
binding sites (Martin et al., 2000), precisely indicating the seven
varied sites (Safa, 2004). Hence, suggesting the multiple binding
sites of P-gp protein to accommodate various drugs. However,
data about whether each drug has a single or numerous binding
sites is still scarce. A few compounds have been shown to have
one active site, while some have an affinity toward more than one
active site. In one of the recent investigations published in 2013,
the possibility of a molecule having multiple binding sites has
been clarified. It has also been reported that human P-gp has
multiple binding sites or a molecule/substrate, and each site is
analogously capable of transporting them. P-gp can also bind the
compounds at the secondary sites, and when its primary binding
sites are chemically modified, it eases the transportation. The
existence of multiple diverse binding sites for varied compounds
makes it a very efficient transporter (Chufan et al., 2013).

While
mutagenesis of ABC transporters, including P-gp, they have

conducting an investigation using site-directed
multiple catalytic sites for each compound that should be
considered. The central drug-cavity has several similar binding
sites for drug binding, guaranteeing the binding of the
compound followed by its transport, despite mutations at the
primary drug-binding site. It has been reported that a few sets of
important amino acid residues that are responsible for the
interaction and binding of drugs are present in a specific 3D
arrangement, thus making it possible for compounds to be
transported (Chakraborty et al, 2012). This provides multiple
possibilities, including chemical flexibility, which explains the
broad substrate specificity aka poly-specificity of P-gp. Structural
flexibility admittedly facilitates fine-tuning between the substrate
and binding sites (primary or secondary site) for effective binding,
facilitating the accommodation of different molecules on multiple
sites, thereby explaining the phenomena of poly-specificity for P-gp
and other ABC transporters. The last step of the process is the efflux
of its substrate. This process is of aid to cells to efflux xenobiotics,
though P-gp also effluxes essential therapeutic molecules along with
xenobiotics without discrimination which becomes a problem

in treatment.
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Furthermore, the compiled knowledge about structural details
and mechanism of catalytic transition of P-gp and its inhibitors has
boosted the research for development of new potential inhibitor
molecules with specific as well as broad activity surpassing the
problem of efflux caused due to MDR and over-expression of
P-gp, as discussed in the succeeding section.

9 Recent advances in permeability-
glycoprotein inhibitor design

The area of inhibitor designing against P-gp is of great interest
and a recent advance in its inhibitor design is focused on improving
the potency, specificity and pharmacokinetic properties of P-gp
inhibitors. The neoteric advancements are interdisciplinary
approach intervening and

biotechnology, = chemistry

bioinformatics, some of them are discussed below.

The
through  X-ray

a) Structure-Based Drug Design (SBDD): structural
information P-gp  obtained
crystallography, cryo-electron microscopy or predicted

computational models enables researchers to rationally

about

design P-gp inhibitors via means of Structure-Based Drug
(SBDD), the
compound binding sites and respective interacting residues

Design encompassing knowledge about
of P-gp at different conformational states, which guides the
development of more potent and selective inhibitors (Palmeira
et al., 2012).

Ligand-Bases Drug Designing (LBDD): Another approach
could be High Throughput Virtual Screening (HTVS) of
small molecules to identify the potential active compound
(Database screening) or starting point compound (Fragment-
Based Drug Design aka FBDD) for inhibitor design through de
novo or combinatorial chemistry approach followed by their
optimization. Moreover, design of covalent P-gp inhibitors are
also being excavated with an aim to find molecules with
improved efficacy and selectivity as covalent inhibitors
forms a more stable bond with their interacting proteins
when compared to other inhibitors. The knowledge about
the “Structure Activity Relationship (SAR)” of inhibitor
molecule with the protein would further enrich the
knowledge about interacting residues aiding in inhibitor
development (Zhao et al, 2023) through “Quantitative
Structure Activity Relationship (QSAR).” This ensures
maximised target effect i.e., selectivity of chemotherapeutic
drugs. Multitargeted inhibitors are also being explored to
overcome resistance mechanism by inhibiting P-gp as well
as other proteins involved in MDR.

Natural Product-Derived Inhibitors: Natural products and
their derivatives has also been explored for their potential
P-gp inhibitor activity (Dewanjee et al., 2017; Kumar and
Jaitak, 2019), with an effort to optimize their pharmacological
properties through structural modifications and analog
synthesis as mentioned above (Dini¢ et al.,, 2018).
Nanotechnology-Based Approaches: Recent advancement in
nanotechnology offers innovative strategies for development
and delivery of P-gp inhibitor-loaded nanoparticles or
nanocarriers, which improves the selective delivery of
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inhibitors specifically to cancer cells thereby minimizing the

systemic toxicity caused by overdosing of chemotherapeutic

drugs (Yadav et al., 2022).
e) Prodrug Strategies: Use of prodrugs (inactive compounds that
undergo activation through enzymatic or chemical to release
the active drug) could enhance the bioavailability cellular
uptake as well as tissue distribution of active P-gp
inhibitors, that would in turn potentially overcome the
issues relating to poor properties
(absorption, distribution and efflux) of traditional inhibitors
(Guillemard and Uri Saragovi, 2004; Jain et al., 2004; Tanino

et al.,, 2007; Di et al., 2009).

pharmacokinetic

As discussed earlier, the mechanisms of P-gp inhibition has a
significant role in drug development with special emphasis at the
issue of MDR in cancer treatment. P-gp inhibition mechanisms
impact drug development and clinical practice by enhancing drug
delivery and reversal of drug resistance, which is achieved by
increased intracellular accumulation of chemotherapeutic drugs to
attain drug concentration to therapeutic level. Studies have revealed
that Zosuquidar (LY335979) is a third-generation P-gp inhibitor when
combined with standard chemotherapeutic regimes, has the ability to
overcome P-gp-mediated resistance by improving the response rates and
survival outcomes in patients with refractory or relapsed in acute
myeloid leukemia (AML) (Pote and Gacche, 2023). Another such
example is Tariquidar (XR9576) which is also a potent third-
generation P-gp inhibitor with the ability to enhance the efficacy of
anticancer drugs such as paclitaxel and doxorubicin (Akhtar et al., 2011;
Zhang et al, 2016). In clinical practice, other P-gp inhibitors like
verapamil and cyclosporine have also been used in combination with
standard chemotherapeutics in order to improve response rates in
patients suffering with solid tumors, leukemia and lymphoma. A
study has reported that a combination of cyclosporine A and
anthracyclines effectively increases response rates in patients with
relapsed/refractory lymphomas (Albadari et al, 2024). In another
study pharmacokinetic interaction of ketoconazole (antifungal
compound) has proved to be increasing plasma concentration of
P-gp drugs (digoxin and loperamide) which in turn enhcnces
therapeutic effect of drugs (jia et al., 2002). Besides above mentioned
strategies involved in development of P-gp inhibitors other conventional
techniques are also still in practice, although these are some of the
promising advances to overcome the hurdle of MDR in cancer treatment
with improved efficacy of therapeutic drugs.

Overall, the mechanisms of P-gp inhibition has a significant
impact on drug development and clinical practices as mentioned
above. By targeting P-gp-mediated drug efflux, P-gp inhibitors offer
promising strategies to enhance drug delivery, overcome drug
resistance, and improve treatment outcomes in patients with
MDR cancers and other conditions.

10 Final remarks

P-gp is one of the most studied proteins among all ABC
transporters. However, the mechanism of substrate and inhibitor
binding, catalytic transition, and efflux still needs to be unearthed.
The high expression of P-gp has been directly linked to the reduced
bioavailability of clinically essential drugs (Wise, 2012). Structurally
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diverse sets of P-gp inhibitors, substrates and modulators have been
identified and reported in the past few years. However, several
aspects remain unanswered: “How does P-gp accommodate the
diverse sets of substrates and inhibitors?” P-gp amino acid sequences
of various species have shown conserveness in the critically
important structural segments, thereby maintaining the biological
functioning of P-gp. From the first mammalian X-ray crystal
structure of P-gp in IO conformation, structural biologists started
to focus their interest in P-gp, and later, many other structures were
deposited. However, human P-gp in its IO or OO states still needs to
be crystallized, further enhancing our understanding. The
uniqueness of human P-gp is the presence of a linker
(~76 amino acid residue long) region responsible for linking the
pseudo-symmetrical domains (TMD1-NBD1/TMD2-NBD2) with
each other. Due to the lack of reliable experimentally reported
structures of human P-gp, researchers have moved towards
creating a theoretical model structure.

Further to pursue catalytic transition (I0—0OO) and relaxation
(OO — 10), studies of the protein holding great hidden treasure
about how it accommodates the varied range of compounds within
its niche molecular dynamics/targeted molecular
simulation techniques have been adopted by researchers. It will

dynamics

reveal the possible intermediate states (structural frames) and their
energies, which will help to understand minute conformational
changes occurring during the transition. Different structural
states may help explain the dynamics of NBDs and TMDs
substrate promiscuity, and inhibitor binding in the NBDs/TMDs.
Moreover, the structural frames/states may be utilized for better
inhibitor design to tackle the problem of MDR and the rampant
efflux of chemotherapeutic drugs used during cancer treatment.
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