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Abstract

P-glycoprotein (Pgp) is a biomedically important member of the ABC transporter superfamily that
mediates multidrug resistance in various cancer types. Substrate binding and transport in Pgp are
modulated by the presence of cholesterol in the membrane. Structural information on cholesterol
binding sites and mechanistic details of its redistribution are, however, largely unknown. In this
study, a set of 40 independent molecular dynamics (MD) simulations of Pgp embedded in
cholesterol-rich lipid bilayers are reported, totaling 8 /s, enabling extensive sampling of
cholesterol-protein interactions in Pgp. Clustering analyses of the ensemble of cholesterol
molecules (~5,740) sampled around Pgp in these simulations reveal specific and asymmetric
cholesterol-binding regions formed by the transmembrane (TM) helices TM1-6 and TM8.
Notably, not all the putative cholesterol binding sites identified by MD can be predicted by the
primary sequence based cholesterol-recognition amino acid consensus (CRAC) or inverted CRAC
(CARC) matifs, an observation that we attribute to inadequacy of these motifs to account for
binding sites formed by remote amino acids in the sequence that can still be spatially adjacent to
each other. Binding of cholesterol to Pgp occurs more frequently through its rough g-face formed
by the two protruding methyl groups, whereas the opposite smooth a-face prefers packing
alongside the membrane lipids. One full and two partial cholesterol flipping events between the
two leaflets of the bilayer mediated by the presence of Pgp are also captured in these simulations.
All flipping events are observed in a region formed by helices TM1, TM2, and TM11, featuring
two full and two partial CRAC/CARC motifs, with Tyr49 and Tyr126 identified as key residues
interacting with cholesterol during this event. Our study is the first to report direct observation of
unconventional cholesterol translocation on the surface of Pgp, providing a secondary transport
model for the known flippase activity of the transporter.

Introduction

ATP-binding cassette (ABC) transporters are a ubiquitous superfamily of membrane proteins
[1] responsible for ATP-fueled translocation of a wide range of chemical species across the
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cellular membrane, including sugars [2], amino acids [3], lipids [4], and essential metals [5].
P-glycoprotein (Pgp), the most studied, biomedically significant member of the superfamily,
is popularly known as a “hydrophobic vacuum cleaner”, as it exports a wide variety of
lipophillic substrates, including drugs, and mediates multidrug resistance (MDR) in many
cancer types [6-11]. The protein contains a large hydrophobic transmembrane (TM) cavity
with a volume of ~6,000 A3, that allows the protein to express poly-specificity in substrate
binding [12-14]. Most drug molecules, e.g., chemotherapeutic agents, possess a chemical
profile similar to Pgp substrates [15]. Export of these drug molecules by Pgp reduce their
concentration, and thereby their pharmacological effect inside the cell, leading to the
development of MDR.

Pgp displays a unique architecture where a single polypeptide chain folds into two pseudo-
symmetric bundles, comprised of two TM domains (TMDs) each with six helices, attached
to two nucleotide-binding domains (NBDs), where ATP binding and hydrolysis take place
(Fig. 1A) [13, 16, 17]. The transport process follows the widely accepted alternating-access
mechanism [18, 19], where the transporter undergoes transition between inward-facing (IF)
and outward-facing (OF) states, with the central substrate-binding cavity only accessible to
either inside or outside of the cell at any given time [16, 20-24]. The conformational
transition of the protein between the two states is brought about by the reorganization of the
TM helices between the two TMD bundles (Fig. 1B). Nucleotide binding and hydrolysis at
the NBDs energize this large-scale conformational transition, from the IF state to the OF
state, thereby driving the vectorial transport of the substrate molecule from the cytoplasm to
the extracellular space [25]. Subsequently, the transporter resets to the IF state, allowing for
another round of transport [26, 27].

Lipid molecules have been shown to play a significant role in modulating the structure and
function of membrane proteins like Pgp [28-35]. Cholesterol, an amphiphilic sterol molecule
present in mammalian membranes [36, 37] (Fig. 1C), in particular, shows a complex
relationship with the transporter. Pgp has been reported to be predominantly localized to
cholesterol-rich membrane microdomains [38, 39]. The basal and drug-stimulated ATPase
activity as well as the drug-binding and transport capacity of Pgp have also been shown to be
modulated by cholesterol [40-45].

Various drugs show altered affinities to Pgp at higher cholesterol levels [46, 47]. In addition,
cholesterol can actively participate in the transport cycle, and it has been reported to
compete with daunorubicin, a known Pgp substrate, for its binding to the transporter [48]. In
addition to its drug transporting capacity, Pgp can also function as a lipid flippase,
redistributing and shuttling cholesterol and phospholipids from the inner to the outer leaflet
of the cell membrane [45, 49]. Previous experimental studies with fluorescent measurements
and bioinformatics-based analysis reported potential cholesterol binding motifs in Pgp [50].
However, no structural information is available for the prospective cholesterol binding sites
on the surface of the protein or the redistribution mechanism of this sterol between the
membrane leaflets by the transporter [45].

Here we present an extensive set of molecular dynamics (MD) simulations investigating
cholesterol-protein interactions in Pgp embedded in cholesterol-rich lipid bilayers.
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These simulations provide microscopic details on cholesterol-binding characteristics,
including an asymmetric accumulation of cholesterol on the first TMD bundle of Pgp,
TM1/2 interface as a high-density cholesterol binding region, and preferential binding
between smooth and rough faces of cholesterol to Pgp. Notably, not all the putative
cholesterol binding sites identified by MD can be predicted by the cholesterol-recognition
amino acid consensus (CRAC) motifs, an observation that we attribute to inadequacy of
these motifs to account for binding sites formed by remote amino acids in the sequence that
can still be spatially adjacent to each other. Furthermore, we directly observe cholesterol
flipping along the surface of the transporter, providing a novel alternative mechanism for
Pgp-mediated lipid redistribution between the two leaflets of the membrane through a
passive pathway provided by the protein along its surface.

System preparation

From the available crystal structures of Pgp in the Protein Data Bank (PDB), a recent
structure of Pgp (PDB ID: 4M1M) was downloaded. Except chain A, which is used for
model construction, all protein chains and non-protein atoms were removed. The Membrane
Builder module of CHARMM-GUI [51, 52] was used to build the system by placing the
protein in a patch of POPC:cholesterol (70:30) bilayer of 100x100 A2 dimension and
solvated with water. The system was neutralized with Na* and CI~ ions to achieve a net ionic
concentration of 150 mM. The final system contained ~240,000 atoms with dimensions of
100x100x170 A3 before any simulations. The prepared system was minimized using
steepest descent algorithm for 5,000 steps. To prepare the nucleotide-bound system, Mg2*
and ATP were docked into their respective binding sites in the two NBDs following the
protocol described by Wen et al. [53], which is based on the nucleotide binding
characteristics observed in the high-resolution crystal structure of another ABC transporter,
HlyB (PDB ID: 1XEF) [54]. Independent membrane building steps for apo and Mg2*/ATP-
bound systems ensured randomization of the initial placement of lipids and cholesterols in
the two systems (Fig. S1).

MD Simulation protocol

Simulations of Pgp in its gpo and Mg?*/ATP-bound forms were performed in
POPC:cholesterol (70:30) bilayers (Table 1). The simulations were performed at 310K,
maintained constant using Langevin dynamics [55] with a damping coefficient of = 0.5 ps
-1 and at 1 bar constant pressure maintained using the Nosé-Hoover Langevin piston
method [56, 57]. The particle mesh Ewald (PME) method [58] was used for the calculation
of long-range electrostatic forces. Non-bonded interactions were calculated with switching
and cutoff distances of 10 A and 12 A, respectively, and a 2 fs timestep was used for
integration.

To remove steric clashes between the protein and the surrounding lipids, the system was
energy minimized and equilibrated following a step-wise protocol with restraints applied on
different regions of the system and gradually removed in 6 steps. To restrain the protein, the
following force constants were used: 10/5/2.5/1/0.5/0.1 kcal/mol/AZ for backbone and
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5/2.5/1/0.5/0.1/0 kcal/mol/A2 for side chains during the 6-step equilibration protocol. The
force constants used to restrain the position of lipid head groups along the z-axis in the
bilayer during these 6 steps were 5/5/2/1/0.2/0 kcal/mol/A2, respectively. Phosphorous and
oxygen atoms were selected for POPC and cholesterol, respectively, to apply these bilayer
restraints. Additionally, dihedral restraints were applied on the POPC lipids using
extrabonds function of NAMD?2 to maintain chirality of the lipid head group and
isomerization around the double bond, with force constants of 500/200/100/100/50/0
kcal/mol/rad? in 6 steps. Following the standard CHARMM-GUI protocol, the 6 equilibrium
steps were run for 50, 50, 50, 200, 200 and 200 ps, respectively. Additional distance
restraints were added between Mg2*/ATP and their interacting water molecules, walker-
sequence residues, signature motif, and A-loop residues present in NBDs to help stabilize
the docked Mg2*/ATP molecules at their respective binding sites [53]. The target distances
of Mg2*/ATP molecules from their respective interacting residues in the NBDs were
obtained from the crystal structure of dimerized NBDs of another ABC transporter, HlyB
(PDB ID: 1XEF) [54]. For the production run, all simulations were performed for 200 ns
using NAMD?2 [59] with the CHARMM36 force-field representing all protein, lipid, and
nucleic acids, and TIP3P model for water [60-62].

The generated MD trajectories were analyzed using custom-written TCL scripts running in
VMD [63] and plots were generated with Gnuplot [64] and R. In order to identify potential
cholesterol binding sites, clustering analysis was performed using measure cluster command
in VMD. Trajectories obtained from the last 50 ns of the simulations of both g0 and Mg?*/
ATP-bound systems were used in clustering calculations. All cholesterol molecules within 4
A of any protein atoms were extracted and clustered based on the root-mean squared
deviation (RMSD) values calculated using the heavy atoms of the cholesterol molecule after
superimposing the protein. Two cholesterol molecules were considered to be in the same
cluster if their RMSD was < 3 A. Three independent clustering calculations were performed
with 10, 20, and 30 set as the maximum number of output clusters. Furthermore, the 200-ns
trajectories were divided into four equal parts at 50 ns intervals and used in the clustering
analysis to investigate the convergence of the obtained clusters over the course of the
simulation.

The amino acid sequence of Pgp was scanned for Cholesterol Recognition Amino acid
Consensus (CRAC) motifs and also for the inverted CRAC (CARC) motifs, using
ScanProsSite tool [65], as available in EXPASy Bioinformatics Resource Portal. A CRAC
motif contains (L/V)-X1_5-(Y)-X1_5-(K/R) residues in which X can be any amino acid [50,
66]. CARC motif, on the other hand, contains the reverse sequence (K/R)-X1_5-(Y/F)-X1_5-
(L/V), which is distinct from CRAC at the central aromatic amino acid which can be either
Tyr or Phe. We also investigated the precise location of these motifs in the TM region of Pgp
and reported their accessibility from the bilayer.

Preferential binding between the smooth a-face and rough g-face of cholesterol to Pgp was
calculated based on their distance to the closest protein atom. Cholesterol molecules with
their atoms located within 5 A of any protein atom were selected for this analysis. Distances
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were calculated between the nearest protein atom and the center of mass of the carbon atoms
C18 and C19 of the two methyl groups in cholesterol, representing the rough s-face, and
between the nearest protein atom and the center of mass of carbon atoms C10 and C13
present at the interface of the A-B and C-D ring systems in cholesterol, representing the
smooth a-face of the molecule (Fig. 1C). These distances were compared to the distances of
the a- and S-faces to the closest POPC or cholesterol atom to identify sandwiched
cholesterol molecules, where both smooth and rough faces of cholesterol lie closer to the
protein than to the bilayer.

Locations of identified CRAC and CARC motifs

Asymmetric

Scanning for the CRAC and CARC motifs in the Pgp sequence resulted in a total of 9 CRAC
and 20 CARC motifs. Of these, only one CRAC and four CARC motifs are fully or partially
located within the TM core (TM region present within the membrane) of Pgp (Fig. 2), and
the others are present either in the intracellular/extracellular regions of the TM helices or
within the NBDs, therefore, not expected to be able to contribute to binding of cholesterol.
The only TM CRAC motif (V35-R47; labeled CRAC1) is located within the first elbow
helix, whereas the CARC motif (R47-L55; labeled CARC1) immediately following it is
located fully within the TM core (Fig. 2). Another CARC motif (R828-L839, labeled
CARC4) is located fully within the TM core in TM9, whereas the two other CARC motifs,
K230-L240 (TM4; labeled CARC?2) and R745-L756 (TMS8; labeled CARC3), are only
partially located within the TM core. In addition to the CRAC/CARC motifs, we also report
a set of half CRAC/CARC (hCRAC/hCARC) motifs in the TM core, defined to contain at
least one half of the CRAC/CARC motifs including the aromatic Phe/Tyr residue present at
the center (Fig. 2C). Scanning for \CRAC/hCARC motifs was motivated by the
identification of Y126 from TM2, which is not part of a CRAC/CARC motif, as a
cholesterol-interacting residue from the cholesterol clustering analysis performed in this
study (see below). A total of seven hCRAC/hCARC motifs, including 5 hCRAC and 2
hCARC motifs, were identified within the TM core (Fig. 2). Proximity of these partial
motifs in a three dimensional fold may allow them to behave similar to a full motif,
especially when the missing part in a half motif is donated by the adjacent one. Eight out of
12 motifs are located within the intracellular half, 2 (hnCRAC2 and hCRAC3) in the middle,
and 2 (CARC3 and hCRACS) in the extracellular half of the TM core of Pgp.

Calculated membrane accessibility of full and half motifs showed that CARC1, hCARC1,
CARC2, CARC3, and CARCH4 are highly accessible from the bilayer and thus available to
bind cholesterol molecules present in the bilayer, whereas other motifs are generally buried
inside the protein in the IF conformation, and may become accessible during IF to OF
transition of Pgp (Fig. S2).

accumulation of cholesterol on the surface of Pgp

Both apo and Mg2*/ATP-bound simulations captured binding of a large number of
cholesterol molecules to the surface of Pgp, indicating a close relationship between the
protein and the lipid environment.
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Our results reported here are based on the top 10, 20 and 30 clusters obtained from the
clustering analysis of bound cholesterol molecules as detailed in Methods, in that other
binding regions, which were sampled only rarely by cholesterol are not included in the
clusters discussed.

Overall, the results show that the clusters were spread almost equally among the
extracellular and intracellular leaflets (Table S1), although the majority of the highly
populated (top 10) clusters are located in the extracellular leaflet. Most cholesterol clusters
(8 out of 10, 16 out of 20, and 24 out of 30 clusters) are located on one side of Pgp (first
half) formed by the first six TM helices (Fig. 3, Fig. S3 and Fig. S4), pointing to an
asymmetric cholesterol binding preference. This asymmetric accumulation somewhat
correlates with the 7 cholesterol-recognition motifs present in the first half compared to 5 in
the second half of the protein, and also with their accessibility profiles from the membrane
(Fig. 2 and Fig. S2). Six out of the top 30 clusters are located at the portal formed by TM4/6
helices in comparison to no cluster present at the symmetrically positioned TM10/12 portal
(Fig. S4), which may be due to the presence of a CARC motif (CARC2) in TM4 (Fig. 2).
Further analysis of these clusters showed accumulation of cholesterols at specific TM
regions of Pgp formed by the recognition motifs. Clusters identified in the first half of Pgp
are generally located around CARC1 (TM1), hCRAC1 (TM2), and CARC?2 (at the portal in
TM4) motifs, whereas other cholesterol motifs present in the first half of Pgp are buried
within the protein and not accessible from the bilayer in the IF conformation of Pgp studied
here (Fig. S4, Fig. 2 and Fig. S2). Similarly, some of the clusters in the second half of the
protein are located around CARC3 (TM8) and CARC4 (TM9) motifs, whereas other
cholesterol motifs in this half are inaccessible from the bilayer in the IF conformation.

Representative conformations from the first 3 cholesterol clusters, collectively accounted for
~50% of the cholesterol population in the top 10 clusters (Fig. 3 and Table S1), were
selected and their locations along with their interacting residues further analyzed.
Cholesterol molecules in cluster-1 bind at the interface of TM4/5 in the extracellular side of
the membrane, with the hydroxyl group interacting with Y312 of TM5 helix (Fig. 3B). Rest
of the molecule binds to the hydrophobic region formed by residues V213, A216, 1217,
P219, V220, L308, W311 and Y312 of TM4/5 located adjacent to the hCRAC2 motif (Fig. 2
and Fig. 3A,B). The long axis of cholesterol in this cluster assumes an angle of ~22° to the
membrane normal. Cholesterols present in cluster-2 bind at the TM5/8 interface in the
extracellular half. The orientation of the molecules is similar to cluster-1 with an angle more
tilted away from the membrane normal (~33°) (Fig. 3C). The polar region formed by S748,
N749, and S752 interacts with the hydroxyl group of cholesterols present in this cluster and
residues 1217, V220, L221, L301, A304, S305, A307, L308, W311, L750, L753, F755 and
L756 form the complementing hydrophobic surface for binding of the rest of the molecule.
This cluster is sandwiched between hCRAC2 and CARC3 motifs (Fig. 2 and Fig. 3A,C).
Cluster-3 binds at the amphiphilic (polar/hydrophobic) region formed by TM1/2 interface in
the extracellular half, assuming angle of ~44° to the membrane normal (Fig. 3D). The polar
part is majorly formed by residues T109 and aromatic Y112 and Y113 of TM2 and the
hydrophobic part is formed by residues 159, V62, A63, L66, 1117, A119, V121, and V124,
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This cluster binds to the hCRACL recognition motif present in TM2 (Fig. 2 and Fig. 3A,D).
Other locations where cholesterol accumulates are elbow helices (EH) present between
TMDs and NBDs. These EHs lie perpendicular to the membrane normal and are located at
the level of the head group region of the cytoplasmic leaflet. A representative conformation
from a cluster located at EH1 (cluster-14), where the only fully TM CRAC motif is present
(CRACL in TM1), binds almost perpendicular to the membrane normal by assuming an
angle of ~78° to the membrane normal (Fig. S3). The hydroxyl group of cholesterols within
this cluster interacts with R355, a charged residue of TM6 located at the level of the head
group region of the cytoplasmic leaflet.

Some clusters within the top 30 clusters calculated are not located close to any recognition
motifs indicating that CRAC/CARC motifs may not be prerequisite for binding cholesterol
molecules but rather the 3-dimensional structure of the protein may allow engagement of
residues from different parts of the structure, forming the binding sites for cholesterol.
Additionally, regions were identified in the TMD showing depletion of cholesterol on the
surface of Pgp. These were TM10 and extracellular part of TM11 (Fig. S4) where no cluster
was obtained from our simulation data. This also matches with sequence-based CRAC/
CARC motif prediction that shows TM10 and extracellular part of TM11 are void of these
motifs (Fig. 2). Comparison of clustering analyses performed separately on 400 and Mg2*/
ATP-bound systems showed similar clusters obtained for both these systems, except for two
clusters obtained between TM7 and TM8 in the case of apo simulations (Fig. S5). The
occupancy maps obtained by using the last 50 ns of the simulations show results similar to
those obtained from the clustering analysis (Fig. S6). The top 10 clusters identified over
different time segments of the trajectory indicate convergence of the identified clusters (Fig.
S7).

Cholesterol majorly binds to Pgp though its rough p-face

Cholesterol has an asymmetric ring system comprising a smooth a-face and a rough S-face
due to the presence of two methyl groups at atoms C10 and C13 of the tetracyclic
cyclopentanophenanthrene ring system (Fig. 4A).

The center of mass distances between the selected atoms representing the a- and S-faces of
cholesterol and the closest protein atom were calculated to distinguish between binding of
cholesterol’s rough and smooth faces to Pgp.

Based on the calculated distance profiles using the final snapshots from 40 copies of gpo and
Mg2*/ATP-bound simulations, cholesterol molecules are found to bind to Pgp more likely
via their rough B-face (Fig. 4B and Fig. S8). Out of 686 selected cholesterol molecules
located within 5 A of the protein in all the simulations, 386 molecules (56.3%) bind facing
their rough face and 229 molecules (33.4%) bind facing their smooth face, whereas 71
cholesterols (10.3%) are sandwiched between the protein atoms, i.e., both the rough and
smooth faces lie closer to the protein atoms compared to the neighboring membrane atoms.

Unconventional cholesterol flipping along the surface of Pgp

In order to monitor cholesterol positioning within the leaflets, the z-coordinates of the
hydroxyl group oxygen atoms of ~5,740 cholesterol molecules in all 40 simulations were
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tracked as a function of the simulation time. Three cholesterol flipping events were observed
along the surface of Pgp (Fig. 5A). Although these events are still rare in our data sets and
only observed in a small fraction of the simulations (likely related to the short timescale of
individual simulations compared to diffusion rate of lipids), their analysis can provide useful
information about the cholesterol behavior and its dynamics at the protein interface. Out of
these three events, one successful flipping occurred from the intracellular to the extracellular
leaflet, with cholesterol stably merging with the lipids present in the latter leaflet (Fig. 5A,
red trace). This event occurred in ~40 ns and was initiated at TM1, where the only full
CRAC motif (V35-R47) and a CARC motif (R47-L55) are present (Fig. 5B and Fig. 2). In
the second flipping event, cholesterol initially flipped from the extracellular to the
intracellular leaflet, sampling the hydrophobic half of the intracellular leaflet for ~55 ns
before flipping back to the original leaflet (Fig. 5A, black trace). In the third flipping event,
the cholesterol molecule started to flip from the extracellular leaflet but did not complete the
process, instead maintaining a ~90° angle to the membrane normal for a short duration
before returning to the original leaflet (Fig. 5A, blue trace). The z-coordinates of the rest of
the cholesterol hydroxyl groups remained stable at their positions throughout the simulation;
indicating generally a low cholesterol flipping probability. All three cholesterol molecules
that underwent partial or complete flipping achieved a 90° angle to the membrane normal at
the middle of the membrane (Fig. 6A,B).

The interaction energies calculated between the fully flipped cholesterol molecule and Pgp
are dominated by van der Waals interactions, with small electrostatic contributions via its
hydroxyl group (Fig. 5C). As the molecule makes a ~90° angle to the membrane normal,
only the hydroxyl group interacts with the protein, with the rest of the molecule buried
inside the membrane core (Fig. 6C). At this point, all Pgp-cholesterol interactions were lost
and the remainder of the flipping occurred without any interactions with the protein,
suggesting that only intracellular half of the TM region of the protein is involved in this
event. For the rest of the simulation time, i.e., before and after the flipping event, this
cholesterol molecule sampled conformations parallel to the membrane normal (Fig. 6B).

Pgp-cholesterol interactions during flipping

All three flipping events sampled in our simulations occurred in the same region, located at
the intracellular leaflet, formed by TM1, TM2, and TM11 helices.

Analysis of the amino acid composition of these helices revealed that along with the
presence of a full CRAC and a full CARC motifs in TM1, one partial CRAC and one partial
CARC motifs are also present in the same region, making it highly conducive for cholesterol
binding (Fig. 2).

The fully flipped cholesterol initially interacts with Y49 of TM1 and H932 of TM11, with
both side chains pointing towards the membrane (Fig. 7A,B). F131 of TM2 and M928 of
TM11 also take part in forming a non-polar groove for cholesterol. Another Tyr residue from
a partial CRAC motif (Y126 in TM2), located slightly above the membrane head groups in
the intracellular leaflet, favorably interacts with the cholesterol molecule to facilitate upward
movement at the start of the flipping event (Fig. 7C,D). Nonpolar aliphatic residues, 1123
and 1127 in TM2, also interact with cholesterol at this time. All interactions between Pgp
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and cholesterol are lost after cholesterol reaches ~90° angle with respect to the membrane
normal (Fig. 7E,F). Two cholesterol molecules from the extracellular leaflet, that show
incomplete/partial flipping, were seen to visit the same region formed by Y49, Y126, M928,
and H932, before returning to the original leaflet, indicating this region is important not only
for cholesterol binding but also for initiating flipping events.

Discussion

Plasma membranes of higher organisms like mammals are rich in cholesterol, where it plays
an important role not only in modulating the physical properties of the membrane but also
the functions of both integral and peripheral membrane proteins [37, 41, 67]. Despite many
studies performed over the last decade investigating the relationship between Pgp, a widely
studied integral membrane ABC-transporter, and cholesterol, very limited microscopic detail
has been presented on how this protein interacts with cholesterol and mediates its
redistribution within the lipid bilayer [42]. The present study, with simulations of multiple
copies of Pgp in cholesterol-rich lipid bilayers in both gp0 and Mg?*/ATP-bound states,
enabled the direct observations of cholesterol binding sites on the surface of the protein and
even unconventional flipping events between the membrane leaflets.

The conceptual cholesterol recognition motifs, CARC and CRAC, primarily defined based
on the primary sequence of a membrane protein, have been used in studies focusing on
predicting cholesterol interaction with membrane protein [66]. Given its limited scope,
specially with regard to spatial arrangements of residues to form a binding site, which
cannot be necessarily predicted merely based on the primary sequence, we should not expect
a thorough survey of putative cholesterol binding sites by this metric. Compared to previous
studies focusing on the cholesterol recognition motifs in Pgp [50], we have identified
additional CRAC/CARC motifs, including partial recognition motifs, along with their
relative membrane locations (Fig. 2). This includes a complete CARC motif in TM1 and an
incomplete CRAC motif in TM2, missing only the terminal positively charged residue
(K/R). Although the missing charged residues in the incomplete CRAC motifs may decrease
the interactions with the hydroxyl group of cholesterol, neighboring partial recognition
motifs present in the 3-dimensional structure may be able to compensate for these missing
interactions. Scanning other ABC transporters for CRAC/CARC motifs with missing
terminal residues may also allow for the identification of partial recognition motifs in these
proteins that can successfully interact with and bind cholesterol.

A coarse-grained MD simulation study had previously reported cholesterol binding at the
two drug-entry portals, formed by TM4/6 helices on one side and TM10/12 helices on the
other [68]. In the present study, clustering analyses performed on all cholesterol molecules
within 4 A of the protein showed that they tend to accumulate substantially more on one side
of the TMD, formed by TM1-6 of TMD1 and TM8 of TMD?2 (Fig. 3), with only few
cholesterol molecules observed in the vicinity of the TM10/12 helices on the opposite side
(Fig. S4).

The clustering also showed asymmetric accumulation of cholesterol molecules between the
two membrane leaflets, with most of the highly populated top 10 clusters generated found to
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be located in the extracellular leaflet. The difference might have resulted from the conical
shape of the TMD of Pgp, where the intracellular half is significantly wider than its
extracellular half, resulting in less-dense cholesterol clusters that are not ranked in top 10.
Overall, the results indicate a preference for a non-uniform distribution of cholesterol on the
surface of Pgp, that may in turn differentially modulate the dynamics of different regions of
the transporter, promoting or inhibiting specific conformational changes in the protein.
Previous MD simulations reported that removal of the methyl groups forming the rough g-
face of cholesterol lowers its membrane ordering and condensing properties, and disturbs the
optimal orientation of the molecule [69]. An experimental study combining calorimetry and
fluorescence measurements also confirmed the importance of the rough and smooth faces of
cholesterol in sterol orientation in the bilayer that in turn improves cholesterol-phospholipid
interactions [70].

In this study, we observe preferential binding of cholesterol to Pgp through its rough S-face
(Fig. 4 and Fig. S8). As the smooth a-face of the cholesterol ring is shown to be favored in
packing nearby lipid tails via stronger van der Waals interactions [69, 70], the rough B-face
might be more available to interact with the surface of the transporter.

Out of a large dataset containing ~5,740 copies of cholesterol, one cholesterol molecule
showed complete flipping and translation from the intracellular leaflet to the extracellular
one (Fig. 5 and Fig. 6). Two other cholesterol molecules from the extracellular leaflet
showed incomplete or partial flipping, forming ~90° angles with the membrane normal at
the interface of the two leaflets.

During the complete flipping event, which was analyzed in more detail, the initial time is
spent in achieving the correct binding interactions and orientation of cholesterol with respect
to the recognition CRAC/CARC motifs present in TM1 and TM2 (Fig. 5 and Fig. 7). These
motifs present in the intracellular part of TM1 and TM2 helices may in fact contribute to the
flippase activity of Pgp [49].

Computational studies with free energy calculations have reported that cholesterol prefers to
tilt and rotate first, embedding its polar head group into the hydrophobic core of the bilayer,
which appears to be the most energetically unfavorable and likely the rate-limiting step,
before translating to the opposite leaflet [71, 72]. It is important to note that these studies
were performed with pure membrane bilayers with no proteins. Interestingly, the same trend
is observed in our study in the presence of a transporter, where cholesterol first interacts with
the binding-motifs, engaging its hydroxy group with the protein surface thereby reducing the
energy barrier, before flipping to the opposite leaflet (Fig. 7). Previous coarse-grained MD
simulations of asymmetric lipid bilayers without protein, have also reported multiple flip-
flop events for cholesterol with a mean time of 350 - 2,000 ns [73, 74]. In our study, the fully
flipped cholesterol showed a shuttling time of only ~40 ns between the two leaflets. Pgp
may in fact provide a surface with lower hydrophobicity for binding the polar head group of
cholesterol compared to the purely hydrophaobic core of the bilayer. This may reduce the
energy barrier arising from cholesterol-lipid interactions in pure membranes, resulting in
faster shuttling time compared to pure lipid bilayers [71].
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Our results on spontaneous cholesterol flipping along the surface of Pgp calls into question
the conventional understanding about the flippase activities of ABC exporters for
cholesterol. This activity has been proposed to occur through the poly-specific translocation
chamber of Pgp, present at the center of the TMD. In fact, this conventional mechanism still
appears to be the only way cholesterol transport can be unidirectional (from inside to
outside) and coupled to ATP binding and hydrolysis (active transport). Here we present an
alternate mechanism of lipid flipping activity of the transporter on the surface of the protein,
a passive mechanism where the conical shape of Pgp in its IF state, forming a broader base
at the intracellular leaflet and a narrower apex at the extracellular leaflet, may play a role in
the surface flipping of these molecules (Fig. 5). In this way, for a successful flipping to take
place, the molecule has to cross only one-half of the protein, before diffusing into the
opposite membrane leaflet, reducing the energetic cost involved in the lipid redistribution
between the two membrane leaflets i.e. this mode of transport will be passive. For this
alternate mechanism, the role of structural changes of the protein in the mechanism can be
simply bringing about a conformation that is most conducive to this mode of cholesterol
transport. The protein surface-mediated cholesterol flipping mechanism, in which the energy
barrier is lowered by providing polar and hydrogen bonding surfaces within the membrane,
may also represent a mechanism relevant to other membrane proteins exposing polar
residues within the membrane.

Conclusion

Here we have shown the different cholesterol-binding regions in Pgp and the preferential
binding between its smooth a-face and rough S-face to the transporter, using simulation data
providing extensive sampling of cholesterol molecules around Pgp. Locations of full and
partial cholesterol-recognition motifs with respect to the lipid bilayer are also reported,
though these motifs do not appear to sufficiently account for all cholesterol binding sites/
modes in the protein. Our unique and direct observation of cholesterol flipping on the
surface of Pgp provide a new passive mechanism by which Pgp might contribute to the
redistribution of lipids in membrane. As a single successful flipping event was observed
between the two leaflets, further studies will be necessary for deriving a general mechanism
of passive transport in membrane proteins. The work provides a snapshot into understanding
the intimate relationship between Pgp and cholesterol, an essential membrane molecule
known to closely regulate the function of membrane proteins.

Our simulations show the importance of studying membrane proteins in a membrane bilayer
that mimics the biological environments as much as possible in order to make biologically
relevant conclusions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Extensive set of molecular simulations probe cholesterol binding to P-
glycoprotein.

. Cholesterol binding hotspots are identified for both apo and ATP-bound
states.

. CARC/CRAC motifs are found to be inadequate descriptors for cholesterol
binding.

. A novel pathway for cholesterol translocation across the lipid bilayer is
reported.
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Figure 1:
Structural details of Pgp. (A) IF (left, PDB ID. 4M1M) and OF (right, model from reference

[25]) states of Pgp are shown with their approximate membrane positioning. Arrows indicate
vectorial transport of substrates through Pgp; doxorubicin (drug) is shown as an example.
Horizontal arrows indicate the back and forth transition between the IF and OF states during
the transport cycle. (B) Swapping of TM helices between the two TM bundles, TMD1 and
TMD2 in IF (left) and OF (right) states is shown. TM helices are colored based on the
protein sequence with the first half of the protein shown in cyan and the second half in pink.
TMDs are defined based on the bundle formation. (C) Chemical structure of cholesterol
along with its ring system (A-B-C-D) and atom numbering.
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TM4 207
TM5 286
TM6 320

hCRAC1
TTYAY YYTGIGAGVLIVAYIQVSFWCLAAGR 138
hCARC1
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Figure 2:

TM7 703

Page 18

EWPYFVVGIFCAIINGGLOPAFSVIFSKVVG
CARC3 hCRAC4

TM8 745 RONSNLFSLLFLILGIISFITFFLOGFTFGKAGE

™9 824

TM10 846
TM11 926

TM12 965

CARC4
ATGSRLAVIFONIANLGTGIIISLIYGWQLT

SLIYGWOLTLLLLAIVPIIAIAGVVEMKML
hCARC2
NAMKKAHVFGITFSFTQAMMYFSYAACFRFGAY
hCRACS

MTFENVLLVFSAIVFGAMAVGQVSSFA PDYAK

Locations of identified CRAC and CARC motifs within the TM core of Pgp. (A) Front and
(B) back views of Pgp viewed from the membrane. CRAC, hCRAC, CARC, and hCARC
motifs are colored blue, purple, red, and magenta, respectively, and are labeled with
consecutive numbering based on their appearance in the protein sequence. Phosphorous
atoms of POPC are shown in gray spheres to denote the location of the bilayer. (C) Amino
acid sequences of all TM helices with labeled motifs using the same color scheme as in A
and B. Amino acid residues lying outside the TM core are shown in italicized text.
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Figure 3:
Clustering analysis of cholesterol molecules located within 4 A of Pgp using last 50 ns of

both apo and Mg?*/ATP-bound simulation data (see Fig. S5 for comparison of cholesterol
clusters between Mg2*/ATP-bound and apo systems). Top 10 clusters viewed from (A) top-
down view from the extracellular side (left), and rotated side views from the membrane
(middle and right) (see Fig. S3 and Fig. S4 for an overlay of the top 20 and 30 clusters,
respectively). TM helices are numbered using black lines and first 3 clusters are numbered
on top of the corresponding clusters. Representative binding modes of cholesterol from
clusters 1 (B), 2 (C), and 3 (D) are shown in gold stick representation along with molecular
surface formed by the protein residues within 5 A. Hydrophobic and polar residues of the
protein are shown in white and green color surface, respectively, with only polar residues
labeled. Number of members present in each of these clusters is given in Table S1.
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Binding preference between rough and smooth faces of cholesterol molecules to Pgp in its

Mg2*/ATP-bound form (see Fig. S8 for apo system). (A) 3D structure of cholesterol with

descriptions of the atoms used in distance calculations. C18/C19 atoms and C10/C13 atoms
were selected to represent the rough and smooth faces of cholesterol, respectively, and are
shown in gray and white ball representations. (B) Calculated center-of-mass distance
profiles between rough (C18 and C19 atoms) and smooth (C10 and C13 atoms) faces of
cholesterol and the closest atom of Pgp are shown in gray and red color bars, respectively.
X-axis lists the number of cholesterols present within 5A around the protein and selected for
this analysis. Mean distance values are provided as black and red dashed lines for the rough
and smooth faces, respectively. Asterisks in the plots denote the sandwiched cholesterols
between protein atoms.
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Figure 5:
Tracking cholesterol flipping events along the surface of Pgp. (A) z-coordinates of hydroxyl

group O3 atoms of cholesterol in all simulations. Three cholesterol molecules that flipped
during the simulations are shown in colored lines with the rest of the cholesterol molecules
shown in gray. The only complete flipping event from intracellular to extracellular leaflet is
shown in red line, whereas two partial/incomplete flipping events from extracellular to
intracellular leaflets are shown in black and blue lines. (B) Molecular representation of Pgp
in blue (TM1-6) and pink (TM 7-12) cartoon representation with positions of O3 atom of
completely flipped cholesterol shown in red (beginning) to blue (end) beads coloring during
the simulation. TM1 and TM2 helices are shown in surface representation and colored based
on residue type (white: hydrophobic, green: hydrophilic, red: acidic, blue: basic). Two Tyr
(Y49 of TM1 and Y126 of TM2) residues are labeled to denote the location of CARC1 and
hCRAC1 motifs. Phosphorus atoms of POPC and O3 atoms of other cholesterol molecules
are shown in small blue and red spheres, respectively, to demarcate the locations of the head
groups. (C) Interaction energy profiles between the completely flipped cholesterol molecule
and Pgp is shown as a function of simulation time.
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Figure 6:

Cholesterol orientation in the membrane, defined as the angle between the long axis of
cholesterol and membrane normal. (A) A schematic showing the vector used in measuring
the angle. (B) z-coordinates of the hydroxyl group O3 atom of cholesterol molecules
involved in complete or partial flipping as a function of their angles with respect to
membrane normal. The completely flipped cholesterol molecule is shown in red dots. (C)
Molecular representation of Pgp shown in cartoon representation (blue and pink colors) with
the completely flipped cholesterol molecule present at its 90 degree angle during flipping.
Phosphorus atoms of POPC and O3 atoms of other cholesterol molecules are shown in small
blue and red spheres in the background.
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Figure 7:
Snapshots of the complete flipping of cholesterol along the surface of Pgp observed in our

simulations. (A, C, E) Different orientations and locations of the fully flipped cholesterol
molecule within the bilayer during its flipping. (B, D, F) Corresponding zoomed-in views of
the binding orientations in A, C, and E showing protein residues within 5 A of the
cholesterol molecule in white licorice representation. Most of the residues are from TM1
and TM2 helices where both CARC1 and hCRAC1 motifs are located. The flipped
cholesterol molecule is shown in orange licorice representation with its oxygen atom in red.
Phosphorus (blue) and oxygen (red) atoms of POPC and cholesterol molecules in the
membrane are shown in the background.
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Details of simulation systems.

Table 1:

System Protein Membrane Simulation

# of cholesterol flipping

(POPC%:CHL%) copies events
Setl apo 70:30 20%200 ns 1
Set 2 Mg?*/ATP 70:30 20%200 ns 2
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