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I N T R O D U C T I O N

P-glycoprotein (P-gp), a member of the ATP-binding 
cassette (ABC) transporter superfamily, is responsible 
for the translocation of a wide range of compounds 
across the plasma membrane (Chen et al., 1986; Loo 
and Clarke, 1994). P-gp is found in several tissues facing 
an excretory compartment (e.g., in the apical surface 
of epithelial cells of the liver, pancreas, and small in-
testine; Thiebaut et al., 1987). It is also found in the 
brush border of kidneys and the endothelial cells of the 
blood–brain barrier (Eckford and Sharom, 2006; Sha-
rom, 2014). Natural substrates of P-gp are toxins and 
xenobiotics, against which P-gp provides a mechanism 
of defense by exporting them outside the cell. Sub-
strates binding to P-gp are structurally dissimilar com-
pounds (Aller et al., 2009; Leong et al., 2012; Zhang et 
al., 2014), which include metabolites, drug molecules 
like analgesics and antibiotics, drug-like molecules such 
as diagnostic dyes, and lipids (van Helvoort et al., 1996; 
Bosch et al., 1997; Ambudkar et al., 2003; Marcoux et 
al., 2013; Ferreira et al., 2015). In addition, several stud-
ies have linked the overexpression of ABC transporters, 
most notably P-gp, with mechanisms of resistance in 
various cancer cells (Fletcher et al., 2010). Because of 
its broad substrate specificity, P-gp confers multidrug 
resistance (MDR) by pumping several pharmacological 
agents to the extracellular medium, preventing their ac-
cumulation inside the cell (Gros and Buschman, 1993; 
Sharom, 2014). The development of MDR is consid-
ered one of the major challenges in cancer treatment 
(Ambudkar et al., 2003; Szakács et al., 2006; Chen et al., 
2016), and because P-gp acts as a key player, the study of 
its underlying mechanism is considerably important to 

improve current chemotherapeutic treatments (Gottes-
man, 1993; Sharom, 2014).

In addition to having a drug transporter function, 
P-gp has also been proposed to act as a lipid flippase 
(Higgins and Gottesman, 1992), flipping lipids from 
the inner to the outer leaflet (Sharom, 2014). Direct 
interaction between lipid-based molecules and P-gp 
has been identified in previous studies (van Helvoort 
et al., 1996; Bosch et al., 1997; Marcoux et al., 2013; 
Sharom, 2014). Competition between transport and in-
hibition of ATPase activity suggests that lipids are not 
only active modulators of the transport mechanism of 
P-gp, but also of substrates (Sharom, 2011, 2014). The 
high affinity of the transporter for lipids and lipid-based 
molecules such as miltefosine and edelfosine, which are 
both phospholipid-based anticancer agents, has been 
linked with the flippase model (Sharom, 2014). Given 
the crucial role in cancer MDR, further understanding 
of the factors that determine lipid binding is essential 
for targeting P-gp inhibition as a means to increased 
drug delivery in chemotherapy treatments.

The P-gp structure consists of two units linked by a 
flexible linker. Each unit includes an N-terminal trans-
membrane domain (TMD) followed by a C-terminal 
nucleotide-binding domain (NBD). The TMDs, with six 
transmembrane helices each (TMD1, H1–H6; TMD2, 
H7–H12), form the translocation pathway for substrates. 
TMDs and NBDs are coupled by intracellular loops. As 
for any other ABC transporter, the substrate transloca-
tion mechanism of P-gp is ATP driven (Loo and Clarke, 
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1995). ATP binding and hydrolysis at the NBDs induce 
NBD dimerization and dissociation, which in turn drive 
conformational changes in the TMDs (Loo and Clarke, 
1994; Aller et al., 2009). To allow transport, P-gp switches 
between inward-facing and outward-facing states, which 
is relevant for substrate binding and release, respectively 
(Sharom, 2014; Chen et al., 2016). In the inward-facing 
conformation (Li et al., 2014), the two TMDs (TMD1 
and TMD2) form a cavity open toward the cytoplasm 
that is enclosed by helices H1, H3, H5, H7, H11, and 
H12. In addition, two portals (referred to as P1 and P2) 
allow access of molecules directly from the bilayer. P1 
is constituted by helices H4 and H6, and P2 is consti-
tuted by H10 and H12. Although several theoretical 
and experimental studies have targeted substrate bind-
ing (Leong et al., 2012; Marcoux et al., 2013; Ferreira et 
al., 2015), the mechanism by which P-gp can recognize 
substrates remains elusive.

In this study, as a step toward a better understand-
ing of how substrates access the translocation cavity, we 
use molecular dynamics (MD) simulations at a coarse-
grained (CG) level of detail to investigate lipid pathways 
and lipid–protein interaction in P-gp using the Martini 
force field (Marrink et al., 2007). CG models are a 
powerful tool to investigate biomolecular processes of 
larger systems, or longer timescales, because of their 
simplified level of detail while maintaining chemical 
specificity (Marrink et al., 2007). CG models are partic-
ularly suitable to reach system size and timescales that 
are relevant to comprehensively study substrate path-
ways (Ingólfsson et al., 2014a). The Martini force field 
has been widely used to resolve lipid–protein interac-
tions in diverse biomolecular systems (Marrink and Tie-
leman, 2013; Chavent et al., 2016). For example, Karo 
et al. (2012) explored the binding of mitochondrial 
creatine kinase to the membrane. Sengupta and Chat-
topadhyay (2012) analyzed the cholesterol-binding sites 
in the serotonin1A receptor. Schmidt et al. (2013) inves-
tigated phosphatidylinositol phosphate–binding events 
in the potassium channel Kir2.2.

Given the importance of the role of lipids as possi-
ble substrates in P-gp, we investigated lipid–protein 
interactions using the crystallographic structure of 
mouse P-gp in the inward-facing conformation (Li et 
al., 2014), which was embedded in membranes of differ-
ent ratios of POPC and POPE lipids. To investigate the 
P-gp lipid pathways, we first analyzed lipid access to the 
cavity. In the Martini force field (Marrink et al., 2007), 
even though the headgroups of POPC and POPE are 
zwitterionic, the interaction parameters differ based on 
hydrogen-bonding capability and solvation-free energy, 
among other properties (Marrink et al., 2004; de Jong 
et al., 2013). Because only the headgroup of POPE is 
a donor for hydrogen bonds, a different lipid–protein 
interaction might be possible, and given the membrane 
composition, it may berelevant for mechanistic details. 

For this reason, we first evaluated a possible selectivity 
between phosphatidylcholine (PC) and phosphatidy-
lethanolamine (PE) lipids. Second, we studied the in-
teractions between lipids and protein residues at the 
portals and inside the cavity. Finally, we analyzed the dy-
namics of the lipids inside the cavity of P-gp and identi-
fied key interactions between the lipid headgroups and 
the lipid tails with the residues in the cavity. In agree-
ment with previous experimental studies (Aller et al., 
2009; Marcoux et al., 2013), our results highlight the 
importance of positively charged residues at the portals, 
such as Arg355, which may facilitate lipid access to the 
cavity via electrostatic interactions.

M AT E R I A L S  A N D  M E T H O D S

We used the refined structure of mouse P-gp as the 
input structure for MD simulations (Protein Data Bank 
accession no. 4M1M; Li et al., 2014). We conducted CG 
MD simulations of P-gp embedded in lipid bilayers of 
a different composition (Table  1). Because the most 
abundant phospholipids in the upper and lower leaflet 
for the mammalian plasma membrane (Ingólfsson et 
al., 2014b) are PC and PE, our simulations include pure 
POPC and POPE bilayers, a 1:1 symmetric POPC/POPE 
bilayer, and two asymmetric bilayers: one with the same 
PC/PE ratio as reported for the plasma membrane (In-
gólfsson et al., 2014b), and, for comparison, one with a 
PC/PE ratio inverted between the two leaflets. All simu-
lations were performed using the GRO​MACS 4.6 pack-
age (Hess et al., 2008) and the standard Martini force 
field 2.2 for protein and 2.0 for lipids (Marrink et al., 
2007; Hess et al., 2008; Monticelli et al., 2008; Chavent 
et al., 2016).

Simulation setup
The atomistic structure of P-gp was converted to the 
corresponding CG model using the Martinize (de Jong 
et al., 2013) building tool. An elastic network was ap-
plied for atom pairs within a 1.0-nm cutoff distance 
(Periole et al., 2009). All protein bilayer systems were 
built using the INS​ANE (INSert membrANE) CG tool 
(Wassenaar et al., 2015). Membranes were solvated with 
standard Martini water. Ions were also added to neu-
tralize the protein and to reach a final concentration of 
150 mM NaCl. Each simulation box of 140 × 140 × 180 Å 

Table 1.  Lipid composition of the bilayers

System Composition

S1 POPC
S2 POPE
S3 POPC/POPE 1:1
S4 Upper leaflet POPC/POPE 16:3, lower 11:16
S5 Upper leaflet POPC/POPE 11:16, lower 16:3

4M1M
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contained one copy of P-gp in CG representation, ∼600 
lipids, ∼23,000 CG water, ∼250 Na+, and ∼260 Cl−.

Energy minimization for all systems was performed 
using the steepest-descent algorithm with a force tol-
erance of 100 kJ mol−1nm−1 for convergence. For elec-
trostatic interactions, we used a shift function to turn 
off the interactions between 0 and 1.2 nm. The relative 
dielectric constant was set to εr = 15, as is standard in 
nonpolarizable Martini. All subsequent equilibration 
simulations were performed for 8 ns in the NPT ensem-
ble with a 10-fs time step. The Berendsen barostat (Ber-
endsen et al., 1984) kept the systems at one bar with a 
relaxation time constant of τp = 1 ps, with semiisotropic 
pressure coupling. The reference temperature was set 
at 310K and controlled by a velocity-rescaling thermo-
stat (Bussi et al., 2007) with a relaxation time constant 
of τT = 0.5 ps. Position restraints on the protein, with 
a force constant of 1,000 kJ mol−1nm−2, were applied 
gradually, first on all of the proteins, and then on the 
backbone beads only. Production runs were performed 
with a 20-fs integration time step. In the production 
simulations, the Berendsen barostat (Berendsen et al., 
1984) was used to maintain the systems at one bar with 
a relaxation time constant of τp = 5 ps. The reference 
temperature of 310K was controlled by the velocity 
rescaling thermostat (Bussi et al., 2007) with a relax-
ation time constant of τT = 2 ps. The electrostatic in-
teractions were treated as described above for energy 
minimization. For production run, each system was 
simulated for 20 µs.

Lipid access and lipid–protein interaction analysis
Lipid access.� The main cavity is defined here as formed 
by the residues on the helices lining the inner portion 
of the P-gp cavity (i.e., the side chain of the residues lo-
cated along the helices H1, H3, and H5 and H7, H11, 
and H12). Residues on H2, H8, and H9 (external heli-
ces) and H4, H6, H10, and residues Tyr994 to Ser1002 
of H12 (portals) were excluded. A lipid was considered 
as accessing the cavity if the corresponding PO4 bead 
was found for >200 consecutive nanoseconds within 8 Å 
of any of the side chain residues of the main cavity. 
Among different values, the 8 Å cutoff was the optimum 
distance to evaluate access events with no overestima-
tion. The window of 200 ns guarantees that the access 
events are not caused by thermal fluctuations. Numeri-
cal analyses were performed using open-source Python 
NumPy and MDTraj libraries (van der Walt et al., 2011; 
McGibbon et al., 2015).

Lipid occupancy inside the P-gp cavity.� A contact be-
tween a lipid molecule and the cavity was counted if the 
corresponding PO4 bead was located within 5 Å from 
any of the residues in the cavity of P-gp. We will refer to 
this as the contact condition. Initially, our analysis con-
sidered all possible residue–phosphate pairs interacting 

within 5, 8, and 10 Å. We found ∼450 residues of P-gp 
interacting with lipid headgroups within a cutoff of 10 
Å. When the cutoff distance was reduced to 7 Å, the 
number of residues involved in lipid–protein interac-
tions decreased by 60% compared with the 10-Å cutoff. 
Because our aim was to find the most representative lip-
id-binding sites, we reduced the cutoff to 5 Å, which reg-
istered ∼160 residues corresponding to the top 30% set 
of residues interacting with lipid headgroups. For each 
system, the number of lipids that satisfied the contact 
condition at the same time was calculated, representing 
the number of lipids that simultaneously remained in-
side the cavity of P-gp. For this, the restriction that a 
contact must be at least 200 ns was not applied. We also 
calculated the time during which a given number of 
lipid molecules occupied the cavity simultaneously.

Lipid–protein interactions
Portals.� To elucidate the lipid pathways in P-gp, we per-
formed lipid–protein interaction analysis to identify the 
residues at the portals of P-gp following the contact con-
dition. The portals of the protein are delimited by heli-
ces H4 and H6 (P1) and H10 and H12 (P2). We counted 
a binding event when the PO4 bead of a lipid molecule 
was located within 5 Å of the residues at the portals of 
P-gp. At the portals, the residues considered were 
Lys230 to His241 of H4, Ser345 to Gly356 of H6, Leu875 
to Lys883 of H10, and Tyr994 to Ser1002 of H12. The 
analysis of binding events was performed on the lipid 
molecules selected from the previously described lipid 
access. Lipid-binding sites were identified as the top five 
residues for which the contact condition was satisfied 
during the last 15 µs of simulation time. The maximum 
contact time registered was normalized to 1.0. A color 
map distinguishes three levels of interaction: very high 
interactions are between 0.8 and 1(red); high interac-
tions are between 0.4 and 0.7 (magenta); and moderate 
interactions are <0.4 (gray). The level of interaction was 
calculated for residues at the portals (Fig. 3) and in the 
cavity (Fig. 4).

Cavity of P-gp.� Similar to the analysis of the lipid–pro-
tein interactions at the portals, a lipid molecule was 
considered bound if the corresponding PO4 bead was 
located within 5 Å of the residues at the cavity of P-gp 
for at least 200 ns. The lipid-binding sites and the levels 
of interaction follow the same definition as explained 
above for the top 10 residues, in addition to those inter-
acting exclusively with PC (blue) and PE (cyan), as illus-
trated in Fig. 4.

Sequence alignment.� The sequences were retrieved 
from the UniProt Knowledgebase (accession nos. 
P21447, P08183, P21440, and P21439; The  Uni-
Prot  Consortium, 2017) for mouse and human P-gp 
and mouse and human ABCB4, respectively. The se-

P21447
P08183
P21440
P21439
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quence alignment was performed using MAF​FT (Katoh 
et al., 2002; Katoh and Standley, 2013).

Lipids inside the cavity.� To analyze the dynamics of the 
lipid headgroups and tails inside the P-gp cavity, we con-
sidered the PO4 bead of each lipid and the last bead of 
each tail (i.e., C4A and C4B beads). The lipid-binding 
sites for each tail were identified by the contact condi-
tion. For each frame, we defined the middle plane of 
the membrane z’ = 0 as the mean z coordinates between 
the upper and lower leaflet. Region I is defined as the 
highest region in the P-gp cavity, z’ > 0; region II corre-
sponds to the region between the lower leaflet and the 
middle plane of the bilayer, where z’ < 0. Measurements 
of the z coordinate for the phosphate (PO4) bead and 
the last bead of each tail (oleoyl tail, C4A bead; palmitoyl 
tail, C4B bead) were performed.

Occupancy maps.� Fractional lipid occupancy was cal-
culated for POPE and POPC lipid types over the last 15 
µs of each simulation system using the VolMap plugin 
in VMD 1.9.1 with a grid resolution of 1 Å (Humphrey 
et al., 1996). For the systems with pure POPC or POPE 
bilayers, maximum occupancy was found at 0.78 and 
0.72, respectively. The maximum occupancy was found 
at 0.73 for the system with a 1:1 POPC/POPE ratio and 
at 0.78 and 0.74 for the asymmetric bilayer with the 
plasma ratio and the asymmetric system with the in-
verted plasma ratio, respectively. For visualization pur-
poses, the isosurfaces in Fig. 6 are displayed at 20%, 
50%, and 70% of the maximum value, set at 0.72 for all 
the systems, and the maps are superimposed with the 
protein structure extracted from the last frame of 
each simulation.

R E S U LT S

Lipid access events were identified by the interaction 
between the lipid headgroup and residues of helices 
H1, H3, and H5 and H7, H11, and H12 following the 
contact condition (see Materials and methods, Lipid 
access). The number of lipid access events was deter-
mined by the number of lipid headgroups accessing 
the main cavity for both PC and PE lipid types. From 
our simulations, we found that these events involve only 
lipid molecules from the lower leaflet.

The level of detail from the CG approach, together 
with the extensive sampling for lipid diffusion in our 
simulations, allowed us to observe reversible lipid bind-
ing in the cavity of P-gp as well as lipid confinement 
inside the cavity. Two examples are illustrated in Fig. 1. 
On the left, at 0 µs (red), the selected lipid is outside the 
cavity; during the first microsecond of the simulation, it 
entered the cavity through P1, where it remained for 
<1 µs. After ∼9 µs (white), the lipid again entered the 
cavity through P2, where it stayed for the remaining 

simulation time (blue). The right panel shows a lipid 
molecule that remained for ∼16 µs inside the cavity be-
fore diffusing outside. Despite the differences between 
POPE and POPC regarding the headgroup subtype 
previously mentioned, the results show no indication of 
selectivity toward any of the lipid types (Fig. 2 A). The 
differences in the number of access events for POPC 
and POPE lipids in the different membranes are not 
substantial. In what follows, we generally combine the 
results for both lipids from all the simulation systems.

Lipid occupancy inside the P-gp cavity
Using the contact definition described in Materials and 
methods, no PO4 beads of PC or PE lipids were found 
in the cavity for ∼45% and ∼60% of the simulation 
time, respectively (Fig. 2 B). Instead, water molecules 
were found inside. Overall, a single PC lipid remains in 
the cavity for ∼40% of the time, whereas a single PE re-
mains during ∼30% of the simulation time. Transiently, 
up to a maximum of four lipid molecules can occupy 
the cavity simultaneously, although for short periods of 
time (<0.05%), as shown in Fig. 2 B.

Lipid–protein interactions at the portals
To identify the binding sites for POPC or POPE lipids, 
we looked at the residues located at the portals (helices 
H4 and H6 at P1; H10 and H12 at P2) that, during the 
simulation time, interacted with the headgroup of each 
lipid type. Every time a residue satisfied the contact con-
dition, one binding event was counted (see Materials 
and methods). As shown in Fig. 2 C, overall, P1 regis-
tered more binding events than P2 for both lipid types.

We then calculated the number of contacts between 
the PO4 beads to identify key binding residues at the 
portals involved in the lipid transit. Despite the chem-
ical difference between POPC and POPE headgroups, 
the predominant binding sites found at the portals were 
the same for both lipid types: Arg355 located at H6 and 
Tyr994 at H12 (Fig.  3). Additional interactions were 
registered with the residues Lys230 and Lys235 at H4, 
Ser345 at H6, and Lys881 and Asp993 at H12.

Lipid–protein interactions inside the cavity of P-gp
Similar to the previous analysis for the residues at the 
portals, we identified residues inside the cavity of P-gp 
involved in interactions with lipid molecules. PC and 
PE binding events mostly involved residues of H12 
(Fig. 2 D). PC registered over ∼50% of the simulation 
time. PE lipid binding was observed over ∼45% of 
the simulation time. Binding residues of H1, H5, and 
H11 registered interactions during <15% of the time, 
whereas residues at H3, H7, and H10 did not show bind-
ing events over the course of the simulation. Inside the 
cavity, the lipid–protein interactions mainly involved 
the residues Val984, Val987, and Ser988 at H12 and res-
idues Phe938 and Thr941 located along H11 (Fig. 2 E 
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and Fig. 4 B), all of them in the upper half of the P-gp 
cavity. Additional binding events were found for resi-
dues His60 of H1, Ser294 of H5, and Phe339 of H6 in 
TMD1 (Fig. 4 A). We observed a very high similarity be-
tween the PC and PE binding residues. Only two bind-
ing residues showed selectivity for lipid types: Ala338 for 
PC and Gly266 for PE, both with moderate interaction. 
The set of identified binding residues is conserved in 
mouse and human P-gp and ABCB4, as shown in the 
sequence alignment in Fig. 4 (C and D). In addition, 
a hot spot for lipid binding was observed at Arg828 
on H9. However, given the orientation of the residue 
pointing toward the external side of the protein, the ob-
served lipid–protein interaction does not occur in the 
cavity. This result will be addressed in the Discussion.

Dynamics of the lipid molecules in the P-gp cavity
To illustrate the dynamics of the PO4 bead and lipid tails 
inside the cavity of P-gp, we calculated the mean z coor-
dinate over windows of 1 µs and plotted over the course 
of the simulation time (Fig. 5). In all our simulations, 
we observed that the PO4 bead remained mainly in the 
lower region of the membrane (Fig. 5, A and C) for both 
lipid types PC and PE. The tails of the lipids, however, 
occupy distinct regions and extend to the upper region 
of the cavity, where oscillatory and flipping events were 
detected (Fig. 5, B and D). We also identified the lipid 
tail–binding sites in the uppermost region of the cavity, 

as established by the contact condition (see Materials 
and methods). For the tails, we observed binding events 
mostly at H5 and, to a lesser extent, at H7. No binding 
residues were found on H1, H3, H11, or H12. Residues 
Phe299 and Leu301 showed very high interaction with 
the tails for both lipid types. Frequent interactions were 
also identified between the oleoyl tail and Tyr303 and 
Tyr306 and between the palmitoyl tail and Phe299 and 
Ala304 (Fig. 2 F).

The lipid occupancy maps highlight the ordering of 
the lipids in the immediate proximity of P-gp (see Mate-
rials and methods). We observed high occupancy values 
inside the cavity, independent of the lipid composition 
(Fig.  6). The presence of the lipids spanned the en-
tire available volume due to the lipid tails reaching the 
upper region, reinforcing the results showed in Fig. 5. 
The lipid organization inside the cavity did not signifi-
cantly differ between the PC/PE ratios considered in 
this work (Fig.  6, A and B). In addition, hot spots of 
lipid occupancy were also detected at the portals, where 
lipids compete for access to the cavity.

Lipid pathways
Our simulations enabled us to identify trajectories of 
lipids that access the cavity of P-gp. Examples of tra-
jectories of PC and PE lipids along 20 µs of simulation 
time are illustrated in Fig.  7. Simultaneous lipid up-
take through the same portal can take place, as shown 

Figure 1.  Two examples of PO4 bead trajectories found in the pure POPC bilayer. (Left) At 0 µs, the lipid molecule resides out‑
side of the cavity. It accesses the cavity twice during the simulation time, first during the first microsecond of the simulation through 
P1 and then after ∼9 µs through P2. (Right) The selected lipid molecule remains inside the cavity for ∼16 µs before exiting through 
P1. P-gp is shown as a transparent surface, and the PO4 bead of the selected lipids is shown as a sphere, colored as a function of time.
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in Fig. 7 (A and C), during the last 8 µs of simulation 
(light blue color) in S4 (Table 1). No unique lipid path-
way was detected because the approach to the portals is 
different for different lipids. The residence time of the 
lipids inside the cavity is different for every lipid.

D I S C U S S I O N

P-gp is one of the best characterized ABC transport-
ers (Ambudkar et al., 2003; Picchianti-Diamanti et al., 
2014). Its broad substrate specificity allows for the trans-
port of many chemically diverse molecules (Sharom, 
2014; Chufan et al., 2015; Subramanian et al., 2016), 

and to date, several studies have suggested poly-specific 
drug-binding sites in the cavity of P-gp (Loo and Clarke, 
1994; Borst et al., 2000; Chufan et al., 2015; Neumann 
et al., 2017). MD simulations have been extensively 
used to provide molecular details on the interactions 
between substrates and specific regions of the protein 
(Borst et al., 2000), most of them assuming specific 
binding sites. For example, using umbrella sampling 
methods, Subramanian et al. (2015) investigated spon-
taneous binding for morphine and nicardipine. More 
recently, Syed et al. (2017) used the drug-binding site in 
the transmembrane region from docking studies to test 
interactions with P-gp.

Figure 2.  Number of lipid access 
events, lipid occupancy, and lipid-bind-
ing sites in the cavity and portals of 
P-gp. (A) Number of lipid access events. 
For each system (Table 1, S1–S5), the total 
number of lipid molecules PC (blue) and 
PE (cyan) in the lower leaflet is shown with 
the number of access events observed 
for each lipid type. (B) Lipid occupancy in 
the cavity. The number of PC or PE mole‑
cules occupying the cavity during the total 
simulation time is shown. Up to four lipid 
molecules can access the cavity simulta‑
neously. (C) Lipid binding at the portals. 
Amount of simulation time for which bind‑
ing events are detected at P1 and P2 for 
both PC and PE lipids. (D) Lipid binding 
in the cavity. Amount of simulation time 
for which binding events are detected for 
transmembrane helices H1, H5, H11, and 
H12. The interactions were detected along 
H1, H5, H11, and H12. Binding events at 
H3, H7, and H10 were not observed in our 
simulations. (E and F) Binding sites of lipid 
headgroups and tails in the cavity of P-gp 
normalized over the maximum number of 
interactions. (E) Mainly residues along H11 
and H12 registered interactions with PO4 
beads. (F) Binding sites for the oleoyl and 
palmitoyl tail were found mainly at H5.
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For P-gp, it has been proposed that substrates access 
the cavity through the membrane (Eckford and Sha-
rom, 2006; Subramanian et al., 2015), so lipid access 
pathways may also be relevant for elucidating drug tran-
sit and binding. The characterization of lipid-binding 
sites and lipid pathways in P-gp is relevant for a better 
understanding of drug binding to P-gp and other ABC 
transporters that are capable of translocating lipids 
(Tarling et al., 2013; Neumann et al., 2017). In addi-
tion, direct interaction between P-gp and lipid-based 
molecules such as miltefosine and edelfosine, which are 
lipid-based anticancer drug molecules, has been previ-
ously described (Eckford and Sharom, 2006; Syed et al., 
2017). Toward this aim, we performed equilibrium CG 
MD simulations to explore how lipid molecules access 
the cavity of P-gp in the inward-facing conformation. 
With no previous assumption of specific binding sites, 
we identify key residues involved in the lipid binding at 
the portals and lipid occupancy in the cavity.

Lipid access to the cavity of P-gp
The structure of P-gp in the inward-facing conforma-
tion has two portals (P1 and P2) that provide access to 
the main cavity to molecules located in the lower leaflet 
of the membrane (Aller et al., 2009; Li et al., 2014). In 
all the analyzed simulations, we observed lipid diffusion 
toward the cavity of P-gp through the portals, but only 
for lipids of the inner leaflet, as previously suggested by 
Aller et al. (2009). No additional pathways for entrance 
to the cavity were detected. When comparing the two 
portals, a higher degree of lipid access was observed 
through P1 (Fig. 2 C). We link this result to the pres-
ence of the elbow helix of TMD2, which may screen the 
interactions at P2 between the lipid molecules and the 
residues located along H12, because it is partially cover-

ing H10. This feature also allows the direct exposure of 
Arg828 of H9, which faces the opening of P2, for lipid 
binding, although H9 is not included in the standard 
definition of portals followed in the literature (Aller et 
al., 2009; Li et al., 2014; Zhang et al., 2014).

A limitation of the currently available structures of 
P-gp (Jin et al., 2012; Li et al., 2014; Szewczyk et al., 2015; 
Nicklisch et al., 2016; Esser et al., 2017) is the missing 
linker that connects NBD1 with TMD2. The structure 
of the linker has been reported for the human cystic 
fibrosis transmembrane conductance regulator (Liu et 
al., 2017), another member of the ABC transporter su-
perfamily that acts as an anion channel where channel 
opening can be hampered by the presence of the linker 
(Liu et al., 2017). In P-gp, this flexible region has been 
proposed to be important for substrate specificity; addi-
tionally, it affects the conformational changes driven by 
ATP binding and hydrolysis at the NBD (Hrycyna et al., 
1998; Sato et al., 2009; Ferreira et al., 2012; Esser et al., 
2017). Although the presence of this linker may modify 
the substrate diffusion toward the cavity of P-gp (Fer-
reira et al., 2015) because of its location in the cytosolic 
side, oriented toward the opening between the TMD1 
and TMD2, we believe it is unlikely that the linker will 
affect the lipid-binding sites reported in this study.

Key lipid-binding residues in P-gp
At the portals.� Our findings suggest that PC and PE lip-
ids access the internal drug-binding pocket through the 
portals P1 and P2, which has also been reported for 
drug molecules in several studies (Loo and Clarke, 
1994; Eckford and Sharom, 2006; Aller et al., 2009; Sub-
ramanian et al., 2015). It has also been suggested that a 
positively charged ring of Arg and Lys residues could 
drive substrates toward the cavity and promote lipid–

Figure 3.  Binding residues for PC and PE lipids at the portals of P-gp. Binding residues are highlighted according to the color 
map. The maximum contact time registered was normalized to 1.0. A color map distinguishes three levels of interaction: very high 
interactions correspond to between 0.8 and 1 (red); high interactions correspond to between 0.4 and 0.7 (magenta); and moderate 
interactions correspond to <0.4 (gray). Lys230, Phe235, Ser345, and Arg355 at P1 and Asp993 and Tyr994 at P2 registered the top 
highest 10% of interactions.
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protein interactions in ABC transporters in general via 
electrostatic interactions (Yu et al., 2015; Mehmood et 
al., 2016). From our simulations, two binding hot spots 
at P1 were identified: Lys230 of H4 and Arg355 of H6 
(Fig. 3). This result is in perfect agreement with the ex-
perimental report from Marcoux et al. (2013), in which 
electrostatic interactions between the phosphate groups 
of lipid molecules and Lys230 were identified by mass 
spectrometry techniques. Lipid access events were also 
observed through P2, with key binding residues identi-
fied as Arg828 of H9, Lys881 of H10, and Asp993 and 
Tyr994 of H12 (Fig. 3). As mentioned above, Arg828 is 
not part of the canonical definition of portals (Li et al., 
2014). However, because it is located at the bottom of 
H9 and its orientation is toward the exterior of the pro-
tein, facing H12, Arg828 is involved in the interactions 
for lipid access to the cavity through P2. Overall, the set 

of positively charged residues at the portals are key ele-
ments for lipid access because of the high affinity of Lys 
and Arg for phosphate groups via electrostatic interac-
tions, promoting lipid entry into the cavity.

In the cavity.� The funnel-shaped cavity of P-gp is lined by 
helices H1, H3, and H5 of TMD1 and H7, H11, and 
H12 of TMD2. Hydrophobic and aromatic residues in 
the inner cavity are important for substrate binding 
(Thiebaut et al., 1987; Aller et al., 2009; Martinez et al., 
2014; Sharom, 2014; Mittra et al., 2017). Because of the 
amphipathic nature of lipids, we investigated the inter-
actions between protein and lipid headgroups (PO4 
beads) and lipid tails, respectively. The PO4 beads, once 
inside the cavity, established interactions mainly with 
residues of H11 and H12 (Fig. 2 D and Fig. 4 B). This 
result may reflect the structural architecture of the cav-

Figure 4.  Binding residues in the cavity of P-gp. (A and B) Residues Ser294 and Phe339 of TMD1 (A) and Val984, Val897, Ser988, 
and Ser989 of TMD2 (B) are highlighted in the atomistic representation of P-gp. Gly296 and Ala338 registered interactions only with 
headgroups of PC (blue) and PE (cyan), respectively. (C and D) Sequence alignment of TMD1 (C) and TMD2 (D) for human (h) and 
mouse (m) P-gp and ABCB4 highlighting the significant interacting residues, colored according to the same color scheme as in A 
and B and Fig. 3. 
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ity of P-gp. The helical structure of H12 (residues 970–
990) is interrupted by a second α helix (residues 
991–994); therefore, the upper segment of H12 also 
belongs to the cavity. From our simulations, we observed 
interactions between the lipid headgroup and Phe938 
on H11 (Fig. 2 E and Fig. 4 B), as reported by Aller et al. 
(2009) for the inhibitor verapamil. Additional interac-
tions were also found for Ser989, Phe990, Pro992, 
Val984, Val987, and Ser988 on H12 and Thr941, Lys929, 
Lys 930, Met928, and Arg925 on H11 (Fig. 4). In the 
cavity of P-gp, our findings show the key role of Phe339 
as a lipid-binding residue. This residue has also been 
shown to be involved in binding of the cyclic hexapep-
tide inhibitors cyclic-tris-(R)-valineselenazole (QZ59-
RRR) and cyclic-tris-(S)-valineselenazole (QZ59-SSS; Li 

et al., 2014), while Zhang et al. (2015) corroborated the 
importance of Phe339 for doxorubicin access. If H12 
drives many of the interactions between lipid head-
groups and residues in the cavity, H5 appears to be the 
key player for the interactions between residues in the 
cavity of P-gp and the lipid tails (Fig. 2, E and F). Resi-
dues of H5 such as Leu300, Ile302, and Tyr303 were also 
reported as being binding sites for QZ59-RRR, QZ59-
SSS, and verapamil (Aller et al., 2009). Overall, in the 
case of lipids, the tails extend toward the upper and 
more hydrophobic region of the cavity not explored by 
the PO4 beads (Fig. 5, B and D), with residues such as 
Phe299, Ile302, Tyr303, and Tyr306 mostly involved in 
the interactions with the oleoyl tail (Fig. 2 F). The loca-
tion of substrates in the top of the cavity has been found 

Figure 5.  Dynamics of headgroups and tails inside the cavity of P-gp. (A–D) The mean z coordinate profile for the headgroup 
beads (PO4) and tail beads (C4A and C4B) plotted over 20 µs of simulation for a lipid that accesses the cavity two times (A and B) and 
a lipid that remains in the cavity (C and D). In A and C, P-gp is shown in the gray surface, and the position of the selected PO4 bead 
is shown as a colored sphere, from red to white to blue, as a function of time following the color map in Fig. 1. The z profiles of the 
PO4 bead (brown line) and the C4A and C4B beads (gray and black lines) were calculated over windows of 1 µs.
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in several experimental studies (Aller et al., 2009; Dol-
ghih et al., 2011; Marcoux et al., 2013), in agreement 
with our simulations. Combined, these results reinforce 
the crucial role of H11, H12, and H5 in the interactions 
between protein and lipids as substrates.

Many ABC transporters are involved in lipid transport 
(Borst et al., 2000; Eckford and Sharom, 2009; Fletcher 
et al., 2010; Quazi and Molday, 2011; Neumann et al., 
2017). In particular, several studies have revealed lipid 
transport capabilities not only for P-gp (Sharom, 1997, 
2014; Eckford and Sharom, 2009), but also for other 
members of the ABCB subfamily, such as ABCB4, in-
volved in the translocation of PC lipids into the bile 
(Linton, 2015; Zhao et al., 2015). The interplay be-
tween lipids and ABC transporters is rather complex, 
being dependent, for example, as shown for ABCB4, 
on specific lipid compositions and on the presence of 

other lipid transporters (Zhao et al., 2015). Although 
lipid transport is mainly assessed using modified fluo-
rescent lipids for P-gp and ABCB4, mass spectrometry 
studies have provided further details on the binding of 
different lipids to P-gp and their presence inside its cav-
ity together with drugs (Marcoux et al., 2013). In this 
context, our study describes the molecular details of 
lipids’ access to the main cavity of the transporter. Al-
though we focused our simulations on mouse P-gp, our 
findings can be translated to related ABC transporters, 
as the residues we identified as important for lipid–pro-
tein interactions are conserved in human P-gp as well as 
in human and mouse ABCB4 (Fig. 4, C and D).

Conclusions
In this work, we identify lipid pathways for P-gp in 
the inward-facing conformation in bilayers with dif-

Figure 6.  Lipid occupancy maps for the POPC/POPE (1:1) and plasma ratio PC/PE systems. (A) POPC/POPE. (B) PC/PE. (Top) 
Lateral view of the bilayer. The protein is omitted for clarity, and the occupancy maps are clipped to highlight the occupancy signal 
in the inner region of the cavity. (Bottom) Top view from the extracellular side. From the last frame of the corresponding simulation 
system, residues with a high degree of interaction are shown as magenta (Phe339 and Phe938) and red spheres (Val987, Ser988, 
Val984, Tyr994, and Arg355), following the same color scheme from Figs. 3 and 4. PE and PC lipids are shown in cyan and blue 
lines, respectively.
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ferent PC/PE lipid ratios. By performing equilibrium 
MD simulations on a timescale of microseconds, we 
show that the lipid binding events in the cavity and 
at the portals of P-gp are accessible and measurable. 
This approach reveals that lipid access events involve 
lipids from the lower leaflet only and identifies key 
lipid-binding residues at the portals and inside the 
cavity of P-gp. We find no selectivity for PC versus PE 
lipid entry or lipid binding in P-gp. Future directions 
include lipid interactions with the outward-facing 
conformation, for which there is currently no exper-
imental structure, interactions with less prevalent lip-
ids, and ultimately, a molecular understanding of the 
full transport process of physiological substrates in a 
realistic lipid environment.
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