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HIV-1 can rapidly infect the brain upon initial infection, establishing latent reservoirs that induce neuronal
damage and/or death, resulting in HIV-Associated Neurocognitive Disorder. Though anti-HIV-1 antiretrovirals
(ARVs) suppress viral load, the blood-brain barrier limits drug access to the brain, largely because of highly
expressed efflux proteins like P-glycoprotein (P-gp). While no FDA-approved P-gp inhibitor currently exists, HIV-
1 protease inhibitors show promise as partial P-gp inhibitors, potentially enhancing drug delivery to the brain.
Herein, we employed docking and molecular dynamics simulations to elucidate key differences in P-gp’s in-
Protein dynamics teractions with several antiretrovirals, including protease inhibitors, with known inhibitory or substrate-like
Conformational changes behaviors towards P-gp. Our results led us to hypothesize new mechanistic details of small-molecule efflux by
Efflux and inhibition of P-gp, where the “Lower Pocket” in P-gp’s transmembrane domain serves as the primary initial
Molecular mechanisms site for small-molecule binding. Subsequently, this pocket merges with the more traditionally studied drug
binding site—the “Upper Pocket”—thus funneling small-molecule drugs, such as ARVs, towards the Upper Pocket
for efflux. Furthermore, our results reinforce the understanding that both binding energetics and changes in
protein dynamics are crucial in discerning small molecules as non-substrates, substrates, or inhibitors of P-gp.
Our findings indicate that interactions between P-gp and inhibitory ARVs induce bridging of transmembrane
domain helices, impeding P-gp conformational changes and contributing to the inhibitory behavior of these
ARVs. Overall, insights gained in this study could serve to guide the design of future P-gp-targeting therapeutics

for a wide range of pathological conditions and diseases, including HIV-1.

1. Introduction

HIV-1 establishes latent reservoirs throughout the body early in
infection, remaining hidden and inactive inside immune cells for years
[1], hindering a complete cure for HIV-1. Early treatment with HIV-1
antiretrovirals (ARVs) effectively reduces the total latent HIV-1 reser-
voir size [1,2] by up to 100-fold after three years [1]. However, ARVs
primarily target active HIV-1 replication, relying on their ability to
quickly reach sites in the body where latent reservoirs are established to
stimulate resident immune cells to robust and early action [3,4]. The
challenge is not all sites in the body where latent reservoirs typically
form are effectively targeted by ARVs, such as the brain [5].

HIV-1 enters the brain within weeks of initial infection, primarily via
transport across the blood-brain-barrier (BBB) by HIV-infected mono-
cytes [6]. Once there, HIV-1 chiefly infects microglia, the brain’s resi-
dent macrophages, establishing a latent reservoir in these cells [7]. The
presence of HIV-1 in the brain often causes neurodegeneration, resulting
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in HIV-associated neurocognitive disorders (HAND) [8,9]. The mecha-
nisms underlying HAND are complex and involve a combination of viral,
immune, and inflammatory factors. Early ARV treatment is associated
with a reduced risk of HAND, further stressing the need for rapid and
robust targeting of ARVs to the brain [5].

In contrast to the apparent ease with which HIV-1 enters the brain, it
is very challenging for most therapeutics, including ARVs, which must
passively diffuse across the complex lipid membrane of the BBB [10] and
then avoid clearance by highly-expressed efflux proteins like P-glyco-
protein (P-gp) [11]. The BBB is regarded as one of the most difficult
barriers to permeate in the human body, preventing 98% of all small
molecules from crossing [12]. Thus, the efficacy of ARVs in preventing
HAND and HIV-1 reservoir formation is limited by their poor BBB
transport abilities.

Major gaps persist in our understanding of how drugs interact with
BBB efflux proteins, evidenced by the lack of an FDA-approved inhibitor
for P-gp, one of the most widely studied efflux proteins [13]. P-gp
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utilizes ATP hydrolysis to transition between inward- and
outward-facing configurations (Fig. 1). In the inward-facing configura-
tion, the two nucleotide binding domain (NBD) regions on either “arm”
of P-gp, where ATP binds, are spaced apart, allowing substrates to bind
in the transmembrane domain (TMD). Ligand binding and ATP hydro-
lysis bring the NBD regions together, altering the TMD’s conformation
and creating a pore for substrates to be effluxed back out into the blood
stream, rather than to penetrate the brain [14].

A prior in silico study utilizing mouse P-gp revealed that this
configurational change is differentially impacted by substrate and in-
hibitor binding, emphasizing the importance of understanding these
interactions for effective drug development [15]. Another in silico study
performed molecular docking with a structure of human P-gp [16],
shedding light on these substrate binding pockets, previously delineated
by Shapiro and Ling [17]. Additionally, Ferreira et al. uncovered a third
binding site in the lower region of the TMD, which interacts with P-gp
modulators. The authors suggested that known P-gp modulators pri-
marily interact with this lower pocket, potentially facilitating bridging
between the two halves of the TMD. Importantly, however, molecular
dynamics (MD) simulations were not conducted on the docked com-
plexes to refine the locations of these pockets and comprehend their
dynamics in the context of ligand binding and P-gp conformational
changes [18].

Upregulation of P-gp in tissues like the BBB and tumors can lead to
drug resistance, preventing therapeutic drug concentrations from being
achieved [19]. While complete P-gp inhibition is a potential solution, it
raises the risk of allowing toxins into critical tissues, including the brain
and placenta [13,14]. Therefore, drug candidates for P-gp inhibition
must navigate the task of modulating P-gp dynamics without compro-
mising essential protective functions.

HIV-1 protease inhibitors (PIs) are a class of ARVs shown to behave
as partial P-gp inhibitors [20-22]. PIs were first designed in 1995 to
block intravirion protein degradation, preventing HIV-1 virion matu-
ration [23]. As early as 1999, scientists noted that the PI ritonavir had

TMD

NBD

Fig. 1. Simplified overview of the efflux cycle of P-gp. Largescale structural
changes in P-gp from the inward- to the outward-facing configuration are
driven by the hydrolysis of ATP (shown in green) upon small-molecule binding
to the transmembrane domain (TMD; dark gray). Following binding, the
nucleotide binding domains (NBD regions; light gray) come together, closing
the TMD to create a pore for substrates, such as DRV (shown in orange), to pass
back into the blood. The NBD regions are on the cytosolic side of the membrane.
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P-gp inhibition properties and could boost the bioavailability of other
HIV-1 drugs [24]. PIs exhibit structural and chemical similarities as a
result of their optimization to inhibit the active site of HIV-1 protease.
However, not all PIs act as P-gp inhibitors, and those that do vary in their
inhibitory capacities [25,26]. This underscores the need for a deeper
understanding of P-gp/PI interactions, encompassing PIs that exhibit
substrate and/or inhibitor behaviors. Such insights can pave the way for
the development of P-gp inhibitors that play the delicate role of inhib-
iting without causing generalized cell toxicity.

The underlying mechanisms of P-gp inhibition, along with the dual
role of PIs as both substrates and inhibitors of P-gp, remain to be fully
explored. Determining the molecular-level interactions between PIs and
P-gp can be achieved using in silico tools, such as MD. Yet, only a small
handful of in silico studies have been conducted to date to investigate the
interactions between HIV-1 PIs and P-gp [27-30]. The majority of these
studies utilized the structure of non-human P-gp (i.e., P-gp from Mus
musculus) [28-30], as the structure of human P-gp was not experi-
mentally resolved until 2018. One of these studies, albeit utilizing the
structure of human P-gp [27], focused solely on the outward-facing
structure (PDB: 6COV [31]) and was limited to examining the in-
teractions between just two PIs with P-gp. Thus, there remains a need for
more extensive in silico studies to understand the mechanistic impacts of
PIs on the dynamics of human P-gp.

We employed MD to investigate the interactions of four HIV-1
PIs—darunavir (DRV), ritonavir (RTV), saquinavir (SQV), and nelfina-
vir (NFV)—with P-gp. We utilized the structure of P-gp in its inward-
facing configuration, in which most BBB-diffusing drugs will likely
first encounter P-gp in vivo. While RTV, NFV, and SQV have documented
P-gp inhibitory effects, they can also be effluxed [20-22]. DRV has been
shown to be a P-gp substrate, with no evidence of inhibition [32-34]. We
also included Zidovudine (AZT) in our study, a well-established HIV-1
nucleoside analog reverse transcriptase inhibitor, to serve as a control
for pure substrate-like behavior towards P-gp [33,35-37]. The new in-
sights gained through this study into small-molecule binding energetics
and protein dynamics paint a more in-depth picture of the P-gp efflux
mechanism and how it can be perturbed by the presence of inhibitors,
knowledge that may inform the design of future P-gp-targeting
therapeutics.

2. Methods
2.1. Small-molecule parameterization

The initial structures of SQV, NFV, RTV, DRV, and AZT were isolated
from published, experimentally resolved structures [38-42]. Subse-
quently, these structures underwent optimization and parameterization
through Hartree-Fock calculations performed in Gaussian, utilizing the
6-31 G(d)/6-31 G(d) basis set [43]. Antechamber [44] was employed to
assign electrostatic point charges through restrained electrostatic po-
tential (RESP [45]) charge fitting. The formatted simulation input files
for GROMACS were generated using tLEaP [46] and ACPYPE [47]. For
Lennard-Jones parameters, force constants, and equilibrium constants in
the Pl input files, we referred to the Amber-99SBILDN force field [48]. In
the case of ATP, a similar parameterization process using Gaussian and
Antechamber was applied. However, a charge of -4 was assigned to the
structure with two fewer hydrogens, and this structure was then com-
bined with Mg?* to model ATP in its bioactive form, which was used for
all docking calculations and MD simulations with ATP [49,50].

2.2. Molecular docking with AutoDock Vina

The structure of human P-gp used in this study, which was not
membrane bound, consistent with other recent P-gp studies [34,51], was
obtained from the AlphaFold model (AF-P08183-F1) [52,53]. We vali-
dated this structure against other published, experimentally resolved
structures of human P-gp [54,55], which contained substantial missing
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residues and thus were not utilized. High structural alignment was
observed between the AlphaFold and experimentally resolved structures
in Visual Molecular Dynamics (VMD) (Fig. S1). To prevent potential
interference with small-molecule docking, the unstructured terminal
regions (residues 1-32 and residues 634-690) were removed due to
their tendency to adopt physically irrelevant conformations during
simulations. Before the docking phase, the resulting P-gp structure un-
derwent equilibration and a 300 ns production simulation, following the
methods described in the ensuing section. Blind docking, using Auto-
Dock Vina, [56-58] was conducted on both the energy-minimized P-gp
structure and an MD-equilibrated P-gp structure extracted after 250 ns
of production simulation. Each structure was partitioned into 22 grids,
measuring 30 Ax30Ax304A, aligned to ensure consistent positioning
for both P-gp structures. The grids were strategically arranged to pro-
mote overlap, ensuring comprehensive consideration of the full spatial
range of each P-gp structure during blind docking. The selection of
models for subsequent MD simulations was based on biological rele-
vance, such as their location in the known drug binding pocket, and
consistently high estimated affinity within a given grid. The top nine
conformations in each grid were output, resulting in a total of 198
docking poses for each P-gp/small molecule combination.

2.3. Molecular dynamics simulations

The GROMACS 2021 MD engine [59] was employed for all simula-
tions in this study, and the box size for all simulations was approxi-
mately 15 nm x 15 nm x 15 nm. Water and ions were modeled using
the TIP3P [60] and Amber99SB-ILDN [48] force fields, respectively. The
simulation protocol involved energy minimization, followed by a 1 ns
NVT simulation using the Bussi-Donadio-Parrinello thermostat [61] to
maintain a temperature of 310 K. Subsequently, a 1 ns NPT simulation
was conducted with the same thermostat and the Berendsen barostat
[62] to sustain a system pressure of 1 bar. Finally, production simula-
tions were carried out on each system using the same thermostat and the
Parrinello-Rahman barostat [63] at 310 K and 1 bar. As a control, a
production simulatoin of 300 ns was performed of P-gp in solution.
Systems of equilibrated P-gp in complex with ARVs underwent an
additional 150 ns production simulation, during which all systems
converged. The LINCS algorithm was utilized to constrain bonds be-
tween hydrogen and heavy atoms [64]. All simulations employed full
periodic boundary conditions and particle mesh Ewald [65] summation
with a cutoff of 1.2 nm for calculating long-range electrostatic forces.
Non-bonded interactions were computed over a 1.2 nm range and shif-
ted to prevent artifacts from energy discontinuities. Neighbor lists were
updated every 10 steps, using a cutoff of 1.4 nm.

2.4. Simulation trajectory analysis

The convergence of each system was assessed through root-mean-
square deviation (RMSD) all-to-all calculations [66] (Fig. S2), and the
recovery of bulk water density far from the protein was confirmed by
computing the radial distribution function of water (Fig. S3). To capture
the dynamics of P-gp during the simulation, we computed the distance
between the center of mass of each NBD. For evaluating the free energy
of binding between small molecules and P-gp, the GROMACS plugin,
gmmpbsa, was employed, applying the Molecular Mechanics
Poisson-Boltzmann Surface Area (MM/PBSA) approach over the last
50 ns of each production simulation [67,68]. Contact residues, repre-
senting P-gp residues within 4 A of the small molecule, were determined
using VMD to delineate the binding pocket and track its evolution
throughout the entire production simulation [69].
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3. Results and discussion

3.1. Anti-HIV-1 ARVs are distinguishable as substrates or inhibitors of P-
gp based on average docking affinities, supported by binding free energy
calculations from MD simulations

We conducted comprehensive docking of the five ARVs across the
full structure of P-gp using AutoDock Vina (see Methods for gridding
procedures). This analysis encompassed both the initial, energy-
minimized configuration of P-gp (Fig. 2A, top) and the converged
structure obtained after 250 ns of production MD simulation (Fig. 2A,
bottom). Based on docking outputs, we identified biologically-relevant
binding sites with consistently high docking-estimated affinities across
all grids, leading to the discovery of three conserved sites for ARV
binding.

The first site, referred to as the “Upper Pocket,” is situated within the
TMD, spanning grids 3-5 in the initial P-gp configuration and grid 4 in
the converged configuration (Fig. 2B, dark green highlighted regions).
We note that the Upper Pocket corresponds to what is referred to as the
M-site in other published literature [18]. Particularly evident in the
converged P-gp configuration, spikes in docking affinity toward more
negative (favorable) values were observed for all five ARVs at this site.
This finding provides validation of our approach, as the Upper Pocket is
the known drug binding pocket for P-gp efflux. Visual inspection of the
docked complexes revealed that the Upper Pocket’s more conserved
nature in the converged P-gp structure—spanning just a single grid
instead of three in the initial configuration—arises from heightened
geometric constraints in the TMD. Calculations of the solvent accessible
surface area (SASA) supported this observation, demonstrating reduced
accessibility of the Upper Pocket in the converged P-gp structure
(Fig. S4).

The second site, referred to as the “Lower Pocket,” is also situated
within the TMD, directly below the Upper Pocket, and is similar to the R
and H sites indicated by Ferreira et al [18]. The Lower Pocket spans grids
8-9 in the initial P-gp configuration and grid 9 in the converged
configuration (Fig. 2B, dark blue highlighted regions). Similar to the
Upper Pocket, we observed a sharp increase in docking affinity for each
of the five ARVs at this site, particularly evident in the converged
configuration. Again, akin to the Upper Pocket, the Lower Pocket ap-
pears more conserved in the converged versus initial configuration due
to a reduced SASA for ligand binding. Illustrated in more detail in a later
section, the Lower and Upper Pockets associate together as the NBDs
close and the structures converge. Uniquely, this behavior has not been
observed in past in silico P-gp studies that did not perform MD simula-
tions on the binding pockets after small-molecule docking to elucidate
these intricate dynamics [18].

Finally, the third site is that of the previously-defined NBD, a known
binding site of ATP [14] (Fig. 2B, light green highlighted regions). The
NBD binding site singularly spans grid 18 in both the initial and
converged P-gp configurations, showing characteristic spikes in affinity
for all ARVs. Later, we discuss observed similarities and differences in
how ATP itself binds to the NBD versus the ARVs. One other location of
interest in the NBD that emerged was grid 13, which is highly conserved
across all ARVs in the converged P-gp configuration. However, this site
appears unremarkable in the initial P-gp configuration, exhibiting a
lower average ARV affinity than the other identified binding sites. As our
primary focus with regards to the NBD was on interactions with ATP,
further exploration of this site in the context of ARVs was not pursued.

The rank order of binding affinities estimated from docking was
determined for each ARV in each grid and averaged across all 22 grids
(Fig. 2C). This average rank order effectively differentiated between the
ARVs based on their known classifications as pure substrates (DRV and
AZT) or partial inhibitors (SQV, NFV, and RTV) of P-gp. This differen-
tiation was observed, to varying degrees, for both the initial (Fig. 2C,
top) and converged structure (Fig. 2C, bottom) of P-gp. However, the use
of the initial structure resulted in more statistically significant
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differences among the five ARVs, despite the standard deviation for a
given ARV remaining similar across the two P-gp structures. This
observation aligns with the notion that the open (initial) P-gp configu-
ration is the one in which small molecules are expected to first encounter
P-gp in vivo, necessitating a greater ability to discriminate among small
molecules. Conversely, once P-gp undergoes largescale structural
changes to the closed (converged) state, small molecules are likely to be
effluxed out of the brain, requiring less discriminatory capacity.
Notably, the same rank orders as the averages can be obtained by
analyzing ARV binding to many individual P-gp grids/binding sites,
including the Lower Pocket and NBD. This implies that small molecules
that bind stronger to any site on P-gp are, in general, more likely to bind
stronger to key sites on P-gp that facilitate inhibition.

To validate and expand upon our initial docking observations, MD
simulations were conducted on selected P-gp/ARV complexes. Each
ARV was simulated bound to both the Upper and Lower Pockets of P-gp
in both its initial and converged configurations, resulting in four simu-
lations per ARV in the TMD region. The corresponding grids are depicted
as black-circled points in Fig. 2B. Following the production simulations,
the GROMACS tool g mmpbsa was employed to implement the MM/
PBSA approach for calculating the binding free energy of the complexes,
averaged across the last 50 ns of the simulations (see Methods). An
aggregate plot of these binding free energies from MD versus the
docking affinity estimates shows a strong linear correlation (R* =0.71;
Fig. 2D). This provides further validation of our approach and supports
the notion that docking may serve as an effective initial screening tool to
identify candidate P-gp inhibitors.

To gain thermodynamic insights into the mechanisms underlying P-
gp inhibition, we compared the MD binding free energies of the ARVs
bound to the Upper and Lower Pockets of the initial P-gp structure
(Fig. 2E). No significant differences in ARV binding to these sites in the
converged structure were observed. Aligning with our docking results,
we noted stronger (more negative) average binding free energies for
ARVs with known inhibitory behavior compared to those with known
substrate-like behavior towards P-gp, both for the Upper (Fig. 2F) and
Lower Pockets (Fig. 2G) in the initial structure. However, the Lower
Pocket exhibited a greater discriminatory ability among ARV substrates
and inhibitors based on binding free energy compared to the Upper
Pocket. These variations in binding free energy suggest that substrates
may unbind from the Lower Pocket more readily to efflux out of the cell
after the Lower and Upper Pockets merge, while drugs with inhibitory
capabilities could more effectively block other substrates from entering
the TMD. The critical role of the Upper Pocket as P-gp’s drug binding
site, alongside its seemingly limited discriminatory capacity, suggests
that, besides thermodynamics, impacts of ARV binding on P-gp dynamics
may also be crucial for classifying them as substrates or inhibitors of P-
gp. In the subsequent section, we explore the implications of ARV
binding on P-gp dynamics in greater detail.

3.2. P-gp’s ‘Lower Pocket’ emerges as the primary initial site for small-
molecule binding, while insights into inhibitor behavior are gleaned from
binding to P-gp’s ‘Upper Pocket’

P-gp was initially simulated in solution without ARVs to elucidate its
dynamic behavior and establish a baseline for comparison with simu-
lations where ARVs were present. Commencing from the inward-facing
configuration of P-gp, the simulations revealed a gradual approach of
the NBD regions towards one another over 200 ns, ultimately stabilizing
at a specific distance (Fig. 3A). To measure this distance, we assessed the
separation between the centers-of-mass of NBD residues 374 to 632 and
1018 to 1279. Notably, the converged distance observed in the simu-
lation exceeded that of the experimentally resolved structure of P-gp in
the outward-facing configuration by nearly 1.5 nm. This indicates ATP
hydrolysis is necessary to fully “close” P-gp’s structure for the transition
between inward- and outward-facing configurations during efflux [70].
Fig. 3A shows that the distance between NBD regions is inversely related
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to the RMSD of P-gp, denoting that the primary shift in P-gp’s structure
during the simulations arose from NBD closure. Consequently, this as-
sociation influenced the accessibility of TMD binding sites. Specifically,
the Upper and Lower Pockets were observed to be spatially distinct in
the initial P-gp configuration (Fig. 2A, top), while in the converged
configuration, the pockets were much closer together (Fig. 2A, bottom).

To evaluate the influence of ARV binding on P-gp dynamics, we
analyzed the residues within the Lower (Fig. 3B, top) and Upper Pockets
(Fig. 3B, bottom) of P-gp that interacted with each ARV for at least 80%
of the simulation. All ARVs were found to contact a greater number of
residues in the Upper Pocket, likely due to its narrower and more
confined geometry. Moreover, there was some overlap in the residues
contacted by ARVs in both pockets, providing further evidence of their
increased proximity as the NBD regions converged during the simula-
tions. In the Upper Pocket, SQV and RTV were uniquely observed to
contact residues around position 200 and between positions 860-950
(Fig. 3B, top, gray regions). However, the absence of contacts between
the third inhibitor—NFV—and these same residues casts doubt
regarding the criticality of these positions in distinguishing P-gp sub-
strates and inhibitors. In contrast, in the Lower Pocket, all three in-
hibitors frequently interacted with residues around position 1000
(Fig. 3B, bottom, gray region), which were not contacted by either
substrate. This supports our earlier finding that the Lower Pocket may
possess a greater ability to distinguish between substrates, non-
substrates, and inhibitors based on affinity and the contacts mediating
it. Importantly, the observed interactions near position 1000 appear to
create a bridge-like connection among TMD helices (Fig. 3D), which
could impede P-gp’s transition from the inward- to outward-facing
configuration during efflux. To our knowledge, this bridging behavior
in the Lower Pocket has not been noted in prior work, such as that by
Ferreira et al., where cross-TMD interactions were only observed in the
Upper Pocket [18]. Our study also found bridging in the Upper Pocket,
although these interactions were considered more of a direct conse-
quence of the smaller site’s geometry.

The differential behavior observed in the Lower Pocket between pure
substrates and partial inhibitors of P-gp is primarily attributed to dif-
ferences in hydrophobicity among the small molecules. It is well-
documented that P-gp substrates tend to be hydrophobic, and recent
reviews suggest that increased hydrophobicity of a compound may
enhance its ability to inhibit P-gp [14]. The three ARVs—NFV, RTV, and
SQV—known as partial inhibitors of P-gp, all engage in bridging in-
teractions across the TMD and exhibit markedly higher logP values,
indicating greater hydrophobicity, compared to AZT and DRV (Table S1)
[71]. To further validate this, we confirmed that verapamil, a known
P-gp inhibitor that is not an ARV, has a similar logP value to the
inhibitory ARVs [14]. Additionally, the inhibitory behavior of verapamil
refutes the idea that AZT’s pure substrate behavior is solely due to its
smaller size, as both drugs have similar molecular weights and surface
areas. Crucially, three out of the four amino acids found to interact with
the inhibitory ARVs in the Lower Pocket are hydrophobic, underscoring
the importance of strong hydrophobic interactions for P-gp inhibition.

Considering the Lower Pocket’s greater discriminatory capacity
alongside our earlier observation that the Lower Pocket and Upper
Pocket spatially associate during NBD closure, we propose the following
mechanism (Fig. 4): small molecules, upon diffusing past the NBD re-
gions into the TMD, first encounter and bind in the Lower Pocket, where
they are classified as substrates or non-substrates of P-gp based on their
binding affinity. Low-affinity binders (non-substrates) have a higher
probability of unbinding and exiting the Lower Pocket into the brain
before the NBD regions can associate and subsequent efflux steps can
occur (timescale, t; tympind < INBD closure)- Conversely, intermediate-
affinity binders (substrates) and high-affinity binders (inhibitors) have
a higher probability of remaining bound long enough for the NBD re-
gions to come together (tynping > tNBD closure)- AS this occurs, the Upper
and Lower Pockets spatially associate, funneling the intermediate/high-
affinity binder closer to the Upper Pocket—supported through visual
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Fig. 3. Inhibitory ARVs uniquely interact with P-gp TMD helices during MD simulations. (A) Dynamics of P-gp in solution, characterized by the distance
between the centers-of-mass of the two NBD regions (black line) and the root-mean-square deviation (RMSD) of P-gp’s Ca atoms (blue line). Simulation snapshots are
shown at the indicated timepoints of 0, 70, 150, and 250 ns, with a dotted black line visually depicting the measured distance between NBD regions. (B) Dynamics of
P-gp-ARV interactions, characterized as P-gp residues in contact with (within 4 A of) the ARV, bound to the Upper (top) and Lower (bottom) Pockets of P-gp, for at
least 80% of the simulation. Gray regions highlight key differences in P-gp binding between ARV inhibitors and substrates. (C) Distance between NBD regions in the
presence of ARVs bound to the Upper (top) and Lower (bottom) Pockets of P-gp, compared to P-gp alone in solution (black line). (D) Simulation snapshots high-
lighting differential interactions of ARV inhibitors (left) and substrates (right) with P-gp residues near position 1000. ARVs and corresponding P-gp residues from a
Eiven simulation are shown in darker and lighter shades of the same color, respectively.
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change and/or unbinding
during efflux

Fig. 4. Proposed mechanism for P-gp discrimination of non-substrates and substrates, and inhibition. Upon diffusing past the NBD regions into the TMD,
small molecules initially bind in the Lower Pocket of P-gp, where they are classified as substrates or non-substrates based on affinity. Low-affinity binders (non-
substrates) are more likely to unbind and exit into the brain before the NBD regions associate and efflux can occur (timescale, t; tymping < tND closure)- On the other
hand, intermediate-affinity binders (substrates) and high-affinity binders (inhibitors) are more likely to remain bound until the NBD regions come together
(tunbind > tnBD closure)- This leads to spatial association of the Upper and Lower Pockets, positioning intermediate/high-affinity binders closer to the Upper Pocket in
anticipation of efflux. Following P-gp’s structural change from the inward- to outward-facing configuration, substrates are expelled. Inhibitors, due to their high
affinity, may delay unbinding, hindering efflux, and/or interact uniquely with P-gp residues, potentially obstructing further P-gp configurational changes through
bridge-like interactions with TMD helices.

analysis of our simulations in VMD—in preparation for efflux out of the of ARVs on the dynamics of NBD closure. The presence of all five ARVs in
cell. Upon P-gp’s ensuing structural change from the inward- to the Lower Pocket (Fig. 3C, bottom) prompted swift closure of the NBD
outward-facing configuration, substrates will then unbind and be regions to a similar or greater extent than with P-gp alone in solution
expelled from the cell. On the other hand, due to their high affinity, (Fig. 3A), with little variation in dynamics observed between substrates
inhibitors may remain bound or significantly delay unbinding, thereby and inhibitors. This lends credence to our proposed mechanism, sug-
hindering efflux, or form unique interactions with P-gp residues that gesting that both inhibitors and substrates elicit similar responses from
impede key configurational changes, as discussed above. P-gp during the initial stages of efflux, namely NBD closure, association

Finally, to further confirm this mechanism, we examined the effects of the Lower and Upper pockets, and funneling of small molecules
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towards the Upper Pocket. Conversely, altered and, in some cases, un- unbind before the NBD regions can associate, fully-inhibited NBD
stable dynamics were observed when inhibitors were bound directly to closure may hinder funneling of the inhibitor to the Upper Pocket,
the initial configuration of P-gp in the Upper Pocket (Fig. 3C, top). thereby blocking substrate binding to the Lower Pocket, and excessive
Although we expect it is unlikely that the majority of small molecules NBD closure may hinder ATP hydrolysis.

bind directly to the Upper Pocket of P-gp in its initial configuration, this While previous literature has predominantly focused on the Upper
probability may differ between substrates and inhibitors, a line of in- Pocket, our proposed mechanism, informed by rigorous in silico analysis
quiry we did not explore in detail in this study. As such, the dynamics of P-gp thermodynamics and dynamics in the presence of ARVs, suggests
illustrated in Fig. 3C may still yield insights into the underlying inhi- the pivotal role of the Lower Pocket as the primary site for initial small-
bition mechanisms of the studied ARVs. In particular, NFV was observed molecule binding and discrimination. This hypothesis is reinforced by
to slow NBD closure, RTV fully inhibited NBD closure, and SQV led to the likelihood that small molecules, as they traverse the lipid membrane
excessive NBD closure. Slowed NBD closure may allow substrates to of the BBB, must fully penetrate into the intracellular space, where P-gp
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Fig. 5. Beyond ATP, inhibitory ARVs demonstrate a modest propensity to bind to the NBD. (A-D) Data shown for the initial (top) and converged (bottom) P-gp
starting configurations. (A) ATP binding affinities estimated from AutoDock Vina, averaged for each gridded location on P-gp and overlaid on the ARV docking
affinities presented in Fig. 2B. MD-simulated locations are circled in black; identified binding domains are shown in the same colors as in Fig. 2A-B. (B) Distance
between NBD regions in the presence of bound ATP or ARVs, compared to P-gp alone in solution (black line). (C-D) Simulation snapshots highlighting ATP and ARVs
bound to the NBD at 0 ns (C) and 150 ns (D). Note that each small molecule was simulated in complex with P-gp without other small molecules present, but their
structures are overlaid here for simplicity on a representative protein structure. Overlaid final P-gp configurations with SQV, RTV, and ATP are shown in Fig. S8.
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is more accessible, to interact meaningfully with P-gp. Consequently,
they would first pass between the NBD regions and then encounter the
Lower Pocket before reaching the Upper Pocket. Our proposed mecha-
nism emphasizes the importance of further investigation into the Lower
Pocket’s role in discerning between substrates and inhibitors during
efflux, thus influencing their fate. This underscores the Lower Pocket’s
potential as a crucial therapeutic target for the development of effective
P-gp inhibitors.

3.3. Binding of ARV inhibitors to P-gp’s NBD induces excessive NBD
closure, possibly disrupting ATP binding, though interactions with the TMD
remain the most likely cause for inhibition

In addition to ARVs, we explored the interactions of P-gp with ATP
through molecular docking and MD simulations. We focused solely on
ATP in its bioactive form in complex with Mg?", resulting in a net charge
of -2, omitting the investigation of intermediary states of ATP and ADP.
Upon docking the ATP complex in the NBD, we compared the contact
residues between ATP and P-gp to those identified in an experimentally
resolved structure of outward-facing P-gp in complex with ATP [31]. We
confirmed that ATP was located in the same pockets of the NBD, with
overlapping contacts. In our study ATP was treated as a control, neither
a substrate nor an inhibitor, due to its established interactions with P-gp
[70]. Consistent with this perspective, our docking calculations revealed
that ATP exhibited intermediate binding affinity across the majority of
P-gp grids (see Methods) compared to the ARVs. This observation held
true for both the initial (Fig. 5A, top) and converged (Fig. 5A, bottom)
P-gp configurations. Moreover, by calculating the mean rank of ATP
across all grids for each P-gp configuration, we observed that the values
fell squarely between those of the ARV substrates and inhibitors
(Fig. 2C). This suggests that ATP defies classification as either (Fig. S5).

Notably, however, ATP exhibited heightened affinity compared to
the ARVs for grids 18 and 21, particularly evident in the converged P-gp
configuration (Fig. 5A, bottom). These grids correspond to the NBD re-
gion located on each “arm” of P-gp, the known ATP binding sites,
lending credibility to our approach. Affinity for both sides of the NBD is
biologically significant as ATP must bind to each of the two NBD regions
for eventual hydrolysis to take place (Fig. 1). Interestingly, although not
indicated to behave as a substrate, ATP also exhibited relatively high
affinity for the Upper Pocket of the converged P-gp configuration, albeit
weaker than four of the five ARVs.

As previously mentioned, ATP was not the only molecule predicted
to bind to the NBD through docking simulations. Specifically, both SQV
and RTV demonstrated stronger docking-predicted binding affinities
than ATP to the NBD region corresponding to grid 18 in the initial P-gp
configuration (Fig. 5A, top). This observation suggests that SQV and
RTV could potentially act as competitive inhibitors by outcompeting or
effectively displacing ATP from the binding site. To further explore these
findings, we performed MD simulations of SQV and RTV bound to this
NBD region (grid 18) in the initial P-gp configuration, as well as of RTV
bound to the same site in the converged P-gp configuration as a control.
Additionally, we performed MD with ATP bound to both NBD regions
(grids 18 and 21) in both the initial and converged P-gp configurations,
along with a simulation of ATP bound in the Upper Pocket of the initial
P-gp configuration. As expected, when ATP was bound to both NBD
regions, the dynamics of P-gp closely resembled those of P-gp alone in
solution (Fig. 5B; top=initial, bottom=converged configuration), indi-
cating the importance of ATP hydrolysis occurring through intermediate
molecules like ADP in mediating additional P-gp configurational
changes. Interestingly, when ATP was bound to the Upper Pocket of the
initial P-gp configuration, the dynamics initially exhibited instability
before converging to the same NBD distance observed with P-gp alone in
solution (Fig. S6). The simulation also required a longer time to
converge than the majority of the complexes with ARVs. These findings
provide additional evidence that ATP likely does not function as a ca-
nonical substrate of P-gp.
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Conversely, the presence of RTV and SQV in the NBD of the initial P-
gp configuration resulted in excessive NBD closure (Fig. 5B, top), lead-
ing to a smaller distance between the NBD regions compared to ATP-
bound P-gp or P-gp alone in solution. Notably, RTV did not alter P-
gp’s dynamics when bound to the NBD of the converged configuration
(Fig. 5B, bottom). This behavior of ARVs in the NBD of the initial P-gp
configuration echoes our earlier findings with SQV bound to the Upper
Pocket of this same structure and may provide further insights into the
inhibition mechanisms of these ARVs. Importantly, however, our earlier
docking analysis revealed that the affinities of SQV and RTV for this NBD
site are comparable to or weaker than their affinities for the Upper and
Lower Pockets of P-gp (Fig. 2B). This trend was reinforced by post-MD
MM/PBSA calculations (Fig. S7), emphasizing the weaker binding of
SQV and RTV to the NBD site. Furthermore, we observed that when RTV
was bound to the NBD in the initial P-gp configuration, it eventually
dissociated and diffused away from the NBD during the simulation
(Fig. 5C-D). Collectively, these results support our conclusion that while
SQV and RTV exhibit some inhibitory tendencies towards the NBD, they
likely preferentially interact with and impact the dynamics of P-gp’s
TMD.

4. Conclusions and future outlook

Herein, we employed an in silico approach to investigate the dual
behavior of anti-HIV-1 antiretroviral (ARV) drugs as both substrates and
inhibitors of P-glycoprotein (P-gp). Our investigation led to the proposal
of a novel inhibition mechanism, highlighting the crucial role of the
Lower Pocket binding site in the transmembrane domain (TMD) of P-gp.
We hypothesize that non-substrates, lacking sufficient affinity for P-gp,
unbind and return to the cytosol before efflux can occur. In contrast,
substrates and inhibitors bind with an intermediate to high affinity in
the TMD of P-gp, initially in the Lower Pocket. Subsequently, P-gp un-
dergoes a configurational change that leads substrates and inhibitors to
be funneled towards the Upper Pocket—the canonical drug binding site
of P-gp. [14] Substrates exhibit weaker binding affinity to P-gp
compared to inhibitors, resulting in their efflux out of the cell. Mean-
while, inhibitors demonstrate strong binding affinity for P-gp, delaying
their unbinding and efflux. Furthermore, inhibitors may even form
bridge-like interactions between TMD helices on both sides of the Lower
Pocket, further preventing efflux. Notably, this proposed mechanism is
reliant upon both binding energetics and protein dynamics, contributing
to its complexity.

The results of our study support our proposed mechanism. Molecular
docking with AutoDock Vina revealed both the Upper and Lower
Pockets as probable binding sites for all five ARVs studied, regardless of
their role as substrates or inhibitors, across two different P-gp starting
structures, referred to as the ‘initial’ and ‘converged’ configurations of P-
gp. The former closely resembled the experimentally resolved structure
of P-gp, while the latter represented the output, equilibrated structure
from a molecular dynamics (MD) simulation. While binding affinities
estimated from docking could discriminate between the known ARV
substrates and inhibitors, confirmatory results with increased statistical
significance were obtained using rigorous free-energy calculations from
MD simulations. In particular, inhibitory ARVs exhibited markedly
higher binding affinities than substrate-like ARVs for the Lower Pocket
of P-gp compared to the Upper Pocket, further emphasizing the role of
the Lower Pocket as the primary initial binding site for small-molecule,
affinity-based discrimination by P-gp.

We suggest that the previous lack of understanding regarding the
Lower Pocket and its involvement in P-gp efflux and inhibition can be
attributed to the absence of small-molecule binding at this site in the few
existing experimentally resolved human P-gp structures. This absence
likely stems from the proposed intermediary nature of binding to the
Lower Pocket within P-gp’s overall efflux mechanism. In the future,
initial binding of small molecules to the Lower Pocket could potentially
be verified by first employing a drug that specifically binds to the
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nucleotide binding domain (NBD) regions of P-gp and inhibits their
closure. Alternatively, engineering P-gp itself to remain in the open,
inward-facing configuration could facilitate the observation of Lower
Pocket binding. Subsequent crystallization with a known P-gp substrate,
such as Darunavir (DRV) or Atazanavir (AZT), used in this study, could
reveal binding to the Lower Pocket.

In addition to energetics, the binding of ARVs in the Lower Pocket
influenced the dynamic configurational changes observed in P-gp during
the simulation. These dynamics, characterized by the distance between
NBD regions, differed greatly in the presence of ARVs from those of P-gp
in solution, which indicated a convergence towards a “closed” state.
Through analysis of ARV-P-gp contact residues, inhibitors were distin-
guished by their binding in the Lower Pocket, where they exhibited
interactions bridging across the TMD, as mentioned above. We posit that
these interactions may impede subsequent structural changes of P-gp
from the inward- to the outward-facing configuration. However, further
studies on P-gp’s largescale conformational changes during efflux are
warranted to confirm this hypothesis. If confirmed, our results could
pave the way for the design of new P-gp inhibitors that leverage these
TMD bridging interactions to impede substrate efflux, particularly
across the blood-brain barrier (BBB).

The behaviors of ARV inhibitors bound to the NBD were also
investigated alongside bioactive ATP, which served as a control. Post-
simulation free energy calculations revealed that the ARV inhibitors
exhibited weaker affinity for the NBD compared to the TMD. This sug-
gests that while there may be some potential for competitive inhibition
in the NBD, ARVs are more likely to inhibit P-gp efflux through in-
teractions in the TMD.

Finally, while this study has provided valuable insights into the in-
hibition mechanism of P-gp by ARVs, additional research is warranted
on ARV transport in the presence of membrane-bound P-gp. We antici-
pate that such studies will further underscore the significance of the
Lower Pocket in initial small-molecule binding by shedding light on the
binding preferences of the small molecules as they diffuse through P-
gp’s intracellular cavity. Further studies on the kinetics of P-gp binding
and unbinding events should also be conducted, as our study focused
solely on the thermodynamics of binding and therefore did not fully
account for all random protein motions or fluctuations that could impact
both the affinity and stability of small molecule-P-gp interactions.
Furthermore, alongside additional in silico investigations, there is a
pressing need for relevant in vitro studies that directly compare the P-gp
inhibition potential of various small molecules. Anti-HIV-1 protease
inhibitors, such as ritonavir (RTV), utilized in this study, have shown
promise as P-gp inhibitors without life-threatening side effects, [24]
highlighting their potential for use in expanded pharmaceutical appli-
cations or as a baseline for improved inhibitor design.
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