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Abstract

The ATP-binding cassette (ABC) transporter P-glycoprotein (P-gp) is a multidrug
eflux pump that is overexpressed in a variety of cancers and associated with the
drug resistance phenomenon. P-gp structures were previously determined in deter-
gent and in nanodiscs, in which different transmembrane helix conformations were
found, ”straight” and ”kinked”, respectively, indicating a possible role of the lipid en-
vironment on the P-gp structural ensemble. Here, we investigate the dynamic confor-
mational ensembles and protein-lipid interactions of the two human P-gp inward-open
conformers (straight and kinked) employing all-atom molecular dynamics simulations
in asymmetric multicomponent lipid bilayers that mimic the highly specialized hepa-
tocyte membrane in which P-gp is expressed. The two conformers are found to differ
in terms of the accessibility of the substrate cavity. The MD simulations show how
cholesterol and different lipid species wedge, snorkel, and partially enter within the
cavity of the straight P-gp conformer solved in detergent. However, the access to the
cavity of kinked P-gp conformer solved in nanodiscs is restricted. Furthermore, the
volume and dynamic fluctuations of the substrate cavity largely differ between the two
P-gp structures, and are modulated by the presence (or absence) of cholesterol in the

membrane and/or of ATP. From the mechanistic perspective, our findings indicate that
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the straight conformer likely precedes the kinked conformer in the functional working
cycle of P-pg, with the latter conformation representing a post substrate-bound state.
The inaccessibility of the main transmembrane cavity in the kinked conformer might
be crucial in preventing substrate disengagement and transport withdrawal. Remark-
ably, in our unbiased MD simulations, one transmembrane portal helix (TM10) of the
straight conformer underwent a spontaneous conformational transition to a kinked con-
formation, underlining the relevance of both conformations in a native phospholipid
environment and revealing structural descriptors defining the transition between two

P-gp conformers.

Introduction

ATP-binding cassette (ABC) transporters constitute a superfamily of proteins essential for
the translocation of a wide range of compounds across cellular membranes, powered by
the hydrolysis of ATP.1™* Among these transporters, permeability glycoprotein (P-gp), also
known as ABC sub-family B member 1 (ABCB1) or multidrug resistance protein 1 (MDR1)
is a pivotal multidrug eflux pump known for its role in drug resistance, particularly in various
cancers where it is frequently overexpressed.® Thus, understanding the structural dynamics
and functional regulation of P-gp is desirable for understanding the mechanisms underlying
MDR and for devising strategies to possibly overcome it.

P-gp exercises its prime role in cellular detoxification,® but it has been proposed to
also operate as a low-rate lipid floppase (outward-directed flippase).”® Hence, phospholipids
could effectively play a dual role in P-gp regulation, serving as transport substrates and
providing the molecular membrane milieu for the externalized compounds, as suggested by
NMR ' and molecular dynamics (MD) simulations.'’'? In line with this, the lipid com-
position of the membrane has emerged as a critical determinant of P-gp function,'® with
alterations in membrane biophysics affecting P-gp function!* demonstrating implications for

multidrug resistance.
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P-gp is expressed in systems which are specifically devoted to create a functional bar-
rier and detoxify the organism such as intestinal epithelium, liver hepatocyte, kidney and
the blood-brain barrier.'® The membranes of these barriers are highly specialized and of-
ten rich in cholesterol and sphingolipids.!” In the kidney, P-gp is expressed in the brush
border membrane, which has an increased cholesterol-to-phospholipid and sphingomyelin-to-
phosphatidylcholine ratio compared to the basolateral membrane.!® In the liver, the small
canalicular (apical) membrane of hepatocytes form a luminal meshwork of tubules between
adjacent hepatocytes and is the site of primary bile formation.'® The canalicular membrane
is harnessed with specialized ABC transporters® and defined by microdomains with high
cholesterol and sphingolipid content?\?? that could be critical as a mean to withstand the
harsh biliary molecular soap.

Cholesterol and sphingomyelin are two membrane components that were shown to deter-
mine substrate availability and govern P-gp functional localization.? 25 Several studies have
been carried out to clarify the still not entirely resolved role of cholesterol,?® also recently
using MD simulations.?” According the cholesterol-filling model, the presence of cholesterol
in the substrate binding site would play a role in stimulating the P-gp substrate-dependent
ATPase activity for small drugs.?® Finally, P-gp substrate binding and transport are sensitive
to cholesterol depletion/replation (addition of cholesterol to previously cholesterol-depleted

29 as well as its ATPase activity, which increases as the concentration of cholesterol

system),
increases and peaks at 30%.3°

Sphingolipids are also essential substrates and modulators of P-gp activity, impacting the
protein drug eflux mechanisms and cellular responses to diverse substrates. 3132 Moreover,
the sphingolipid composition of several MDR cell lines is usually severely altered from that
of normal cells.?3 A work investigated how targeting sphingolipid cellular signaling can effec-
tively alter the basal P-gp activity and improve delivery of small-molecules to the brain.3*

Sphingolipid analogues were also found to modulate P-gp activity and reduced resistance to

the chemotherapeutic agent doxorubicin,*? highlighting the functional link between P-gp—
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lipid interactions and drug efflux.
From a structural biology perspective, the community has made tremendous progress,
through the determination of numerous high-resolution P-gp structures in both inward-

open®* and outward-open conformations.3%**#** The majority of these structures have

been derived from mouse and other organisms, 434

employing lipid-detergent mixtures that,
although providing an environment that is a quite different from a cellular membrane, can
provide a valuable means to study ABC transporters in vitro and in vivo.*®*" The re-
cent advances in cryo-electron microscopy (cryo-EM) combined with nanodisc technology,
have facilitated the acquisition of high-resolution structural data of P-gp in a defined lipid
environment. % However, at the stage of our research the complex in vivo composition
discussed above, including the asymmetric lipid composition in the two leaflets, has not
been implemented in nanodiscs. Discrepancies persist between P-gp structures solved in de-
tergent and in nanodiscs, especially concerning variations in the inward-open conformation
of the transmembrane portal helices TM4 and TM10. Apart from few exceptions, such as

the ABCBI-related transporter Atm1 from Saccharomyces cerevisiae,®!

structures of P-gp
solved in nanodiscs consistently exhibit kinked helices TM4 and TM10. In contrast, P-gp
structures solved in detergent mixtures predominantly show straight helices, albeit with a
few exceptions. Ligand-binding induced kinking of TM4 was previously reported for mouse
P-gp*? and for the TM10 of the ABCB1-related transporter from Caenorhabditis elegans,*®
both in detergent.

Finally, structural data from hybrid human/murine P-gp constructs indicate conforma-
tional flexibility in TM4 and TM10 and an equilibrium between straight and kinked confor-
mations, 3> and also highlight the significance of the membrane environment for this structural
divergence in modulating functional dynamics of P-gp. Studying such dynamic structural
phenomena requires very high resolution in both space and time, which can not be fully

achieved by current experimental techniques alone. Therefore, open questions remain con-

cerning the precise mechanisms that govern the conformational ensemble and transitions,


https://doi.org/10.1101/2024.04.18.590131
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.18.590131; this version posted April 22, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

the effects of the lipid environment, and their functional implications.

MD simulations can answer these open questions by providing the missing atomic-level
insights into the structural dynamics of the proteins in their (close to) native lipid environ-
ment. %53 Specifically for ABC transporters, simulations have contributed to an increased
understanding of their — inherently dynamic — functional working cycles.?*% In some cases,
MD simulations could even describe the large-scale alternating access conformational tran-
sitions between inward- and outward-facing conformations and their coupling to distinct
substrate transport events, such as, for example, the unbiased multimicrosecond simulations
of the heterodimeric ABC exporter TM287/288.57%8 For P-pg, computational investigations
have provided insights into the conformational flexibility of the membrane-embedded trans-
porter, offering valuable insights into its structural dynamics, accessibility of its transmem-
brane cavity to lipids and other membrane components, and substrate binding. !1:12:27,36,59-66

Here we employ MD simulations to investigate P-gp structural dynamics in asymmetric
multi-component bilayers that mimic the canalicular membrane of hepatocytes. The struc-
tural determinants governing the two distinct P-gp inward-open conformations, straight
and kinked, are compared. The simulations capture conformer-specific preferential P-gp—
phospholipid and P-gp—cholesterol interactions, shedding light on the differential interactions
with the membrane components. Notably, several residues that are found to be preferen-
tial lipid interaction sites are linked to cancerous mutations. Phospholipid and cholesterol
molecules enter the P-gp main transmembrane cavity of the straight but not of the kinked
conformer, suggesting a blockage to the main substrate cavity in the kinked conformation.

Our results highlight the role of the membrane environment in modulating the confor-
mational ensemble and flexibility of P-gp, in particular, of the helices TM4 and TM10.
We record a conformational change of TM10 from straight to kinked and pinpoint con-
served residues that might act as structural tipping points. Finally, a mechanistic scheme
is proposed for the functional role of the two inward-open conformers, straight and kinked,

providing insights into the transport cycle and reconciling available experimental data.
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Methods

Molecular Modeling

The coordinates of the nanodisc-reconstituted drug-free human P-gp (PDB 7A65,% reso-
lution 3.9 A) were loaded in ChimeraX and ISOLDES” was used in combination with the
associated cryo-EM density map EMD-11666 to inspect the density and perform local re-

68 was used to assess the structure

finement of the structure. Then, the MolProbity server
refinement procedure that finally led to a MolProbity score of 1.17 (initial score was 2.06), a
clash score of 0.6 (initial was 13.76), a decreased number of poor side chain rotamers (from
initial 16 to final 11), an increased number of favored rotamers (from initial 883 to final 895)
and no Ramachandran outliers. This structure, in combination with residues 77-110 from the
human P-gp cryo-EM structure solved in the presence of the drug paclitaxel (PDB 6QEX,°
resolution 3.6 A), was used to build the final apo-P-gp structure and to revert the mutation
A893S present in the structure 7A65 to the wild-type sequence using 500 iterations with
Modeller.% This was done to reconstruct the external transmembrane (TM) helices TM1
and TM2 (C- and N-terminal, respectively), not present in PDB 7A65. Similarly, 500 iter-
ations of Modeller were performed to build holo-P-gp (i.e., in complex with Mg-ATP). The
ATP and Mg coordinates and the interacting residues 401-409, 427-435, 474-476, 555-557,
1043-1052, 10701078, 1117-1119 and 1200-1201 were taken from the cryo-EM structure of
the ATP-bound outward-facing conformation (PDB 6COV,** resolution 3.4 A). The proce-
dure described above generated apo- and holo-P-gp models with the portal helices TM4 and
TM10 in the kinked conformation. These models were further processed to also build apo-
and holo-P-gp models with the portal helices in the straight conformation. Firstly, the Ca
atoms of residues 204-270 (TM4 and ICH2) and 851-914 (TM10 and ICH4) from the X-ray
crystal structure of murine P-gp (PDB 4M1M,™ resolution 3.8 A) were aligned to the Cao
atoms of residues 208-274 (TM4) and 855-918 (TM10) of human P-gp, respectively. Sec-

ondly, only residues 208-255 and 851-897 from 4M1M were used as template to model the
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TM4 and TM10 helices of human P-gp, that is, the ICHs where only considered to obtain
a better structural superposition. Finally, the obtained patched straight structures were
subsequently refined with ISOLDE in combination with the cryo-EM density map from hu-
man P-gp (EMD-4284, resolution 4.5 A) that has straight TM4 and TM10 helices.?® During
the refinement with ISOLDE, all coordinates but TM4 and TM10 helices were restrained.
Therefore, apart from the TM4 and TM10 coordinates, the kinked and straight P-gp models

are very similar.

Mbolecular dynamics simulations

The sizes and compositions of all the simulated systems are listed in Table 1. All simulations
were carried out with GROMACS version 2021.1.7 The P-gp structural models obtained
as described above were initially converted to the coarse-grained (CG) Martini (version 2.2)
force field™ using the martinize.py script. At this stage, the ATP and Mg coordinates
were not considered. The tool insane was used to generate three independent membrane
assemblies and insert the protein into an asymmetric bilayer resembling the composition
of the bile canaliculi plasma membrane from the hepatocyte.?? The extracellular leaflet is
composed of 40% cholesterol (CHOL), 27% 1-palmitoyl-2-oleyl-phosphatidylcholine (POPC),
23% sphingomyelin (SM) and 10% 1-palmitoyl-2-oleyl-phosphatidylethanolamine (POPE).
The intracellular leaflet is composed by 40% cholesterol, 17% POPE, 15% 1-palmitoyl-2-
oleyl-phosphatidylserine (POPS), 10% phosphatidylinositol bisphosphate (PIP,), 8% POPC
and 10% SM. Each leaflet has ~200 lipids (see Table S1). Similarly, the protein was also
embedded in a membrane deprived of cholesterol. In these systems, the cholesterol molecules
were replaced by POPC and POPE phospholipids in the extracellular and intracellular leaflet,
respectively. All the systems were neutralized with a 150 mM concentration of NaCl and sub-
sequently energy-minimized with steepest descent (about 1400 steps). After minimization
one equilibration of 5 s was performed for each system using different random seeds for the

initial velocities and with harmonic position restraints on all the protein beads (force con-
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Table 1: Summary of simulated systems

System ATP  Conformation Membrane Lipids Lipids  Box size [nm]
TM4, TM10 native "na” extracellular intracellular (x,y,2)
no CHOL "n¢” leaflet leaflet
ATPKna  yes kinked native POPC: 53 POPC: 15 10.2, 10.2, 18.2
POPE: 19 POPE: 32
SM: 45 SM: 19
CHOL: 79 CHOL: 76
POPS: 28
PIP5: 19
ATPKnc  yes kinked no cholesterol POPC: 133 POPC: 15 11.2,11.2,17.1
POPE: 19 POPE: 108
SM: 45 SM: 19
POPS: 28
PIP,: 19
apoKna no kinked native POPC: 53 POPC: 15 10.3, 10.3, 18.1
POPE: 19 POPE: 32
SM: 45 SM: 19
CHOL: 79 CHOL: 77
POPS: 29
PIP,: 19
apoKnc no kinked no cholesterol POPC: 133 POPC: 15 11.2,11.2,17.0
POPE: 19 POPE: 110
SM: 45 SM: 19
POPS: 29
PIP5: 19
ATPSna  yes straight native POPC: 54 POPC: - 10.3, 10.3, 18.0
POPE: 20 POPE: 32
SM: 46 SM: 18
CHOL: 80 CHOL: 75
POPS: 28
PIP,: 18
ATPSnc yes straight no cholesterol POPC: 134 POPC: 15 11.3, 11.3, 16.6
POPE: 20 POPE: 107
SM: 46 SM: 18
POPS: 28
PIP,: 18
apoSna no straight native POPC: 53 POPC: 15 10.3, 10.3, 18.1
POPE: 19 POPE: 32
SM: 45 SM: 18
CHOL: 79 CHOL: 75
POPS: 28
PIP,: 18
apoSnc no straight no cholesterol POPC: 133 POPC: 15 11.2,11.2, 16.9
POPE: 19 POPE: 107
SM: 45 SM: 18
POPS: 28
PIP,: 18

1-palmitoyl-2-oleyl-phosphtidylcholine (POPC), 1-palmitoyl-2-oleyl-phosphtidylethanolamine
(POPE), 1-palmitoyl-2-oleyl-phosphtidylserine (POPS), phosphatidylinositol bisphosphate (PIP3),
sphingomyelin (SM) and cholesterol (CHOL).

stants of 2000 kJ mol ' nm~2). The time step used for integrating the equations of motion

in the coarse-grained simulations was 20 fs. The "new-RF” simulation parameters suggested

1_72

by de Jong et al.”® were used. Equilibrations were performed at 310 K with protein, mem-

brane and solvent separately coupled to an external bath using the v-rescale thermostat
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with a stochastic term™ with coupling time constant 77 = 1ps. Pressure was maintained
at 1bar using the stochastic cell rescaling (c-rescale) barostat™ with semi-isotropic condi-
tions (coupling time constant 7p = 12ps and compressibility 3 x 10~*bar™'). Coordinates
were saved to the disk every 400 ps. The obtained systems from each conformer (kinked and
straight) were energy minimized (about 600 steps) and then back-mapped using the backward
method ™ to all-atom resolution with the Charmm36m all-atom force-field. ™ Subsequently,
the refined apo- and holo-P-gp models generated as explained above, were superposed over
the Ca atoms to the back-mapped protein coordinates, and the latter deleted. Thus, the
CG simulations were only used to equilibrate the environment of the protein, but the pro-
tein coordinates from the CG simulations were not used downstream in the project. Each
atomistic system was energy-minimized (steepest descent, about 3000 steps). The parame-
ters for the Mg?* ion were taken from Allnér and colleagues.”” Harmonic bonds with force
constants of 1000 kJ mol ™ nm~2 were introduced between the Mg ions and the coordinating
Od-atoms from the Asn4d75 and Asnl118 side chains in the NBD domains. The systems
were equilibrated for 50ns with harmonic position restraints on all protein heavy atoms,
followed by 100 ns with only the protein backbone atoms restrained (using restraining force
constants of 1000kJmol ' nm~2 in both cases). The equilibrations were performed under
NPT conditions at 310 K and 1 bar, using the v-rescale thermostat ™ (coupling time constant
77 = 0.1 ps) and the stochastic cell rescaling (c-rescale) barostat™ (in semi-isotropic mode,
with coupling time constant 7p = 2ps and compressibility 4.5 x 107° bar_l). Non-bonded
Lennard-Jones interactions were smoothly shifted to zero at a cut-off of 1 nm, which was also
used for the real-space part of the Coulomb (electrostatic) interactions. Long-range electro-
statics were treated with the particle-mesh Ewald method™ with a 0.12nm grid spacing.
The LINCS algorithm™#" was used to constrain bond lengths involving H atoms, allowing
an integration time step of 2fs. For each system a 1ns pre-run (unrestrained) with 1fs time
step was performed, followed by three independent unrestrained production simulations of

1 s each using different random seeds for the initial atomic velocities. Parameters and con-
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ditions were the same as described for the equilibrations above. Coordinates were saved to

disk every 20 fs.

Analyses

For the CG MD simulations, the GROMACS analysis tool gmx densmap was used to cal-
culate the 2D number-density map for each membrane component. For the all-atom MD
simulations, the average number of protein-lipid contacts across all the repeats and for each
simulated system were calculated with gmx select within a cut-off of 0.55 nm between all the
protein atoms and the headgroup atoms of each lipid species and cholesterol. The tool gmx
distance was used to calculate all the distances.

The algorithm T-Coffee®! was used for the multiple sequence alignment using slow pair as
pairwise method. Mutation information related to human diseases and cancers were obtained
from UniProtKD?®? and the catalogue of somatic mutations in cancer (COSMIC) database
(https://cancer.sanger.ac.uk).®

For the all-atom MD simulations, the tool trj_cavity® was used to calculate the volume
of the P-gp main transmembrane cavity as well as for the membrane component headgroups
that overlap with it. The P-gp residues selected for the calculation of the enclosed cavity
are H9-81, 107-133, 188-238, 292-318, 328-352, 718-741, 749-774, 827-881, 938-961 and
971-995. For each system, the three independent repeats were first concatenated and the
coordinates saved every 200 ps. The trajectories were then fitted on the Ca atoms of the
selected residues before the calculation. The options dim 5 and dim 6 (i.e., the degree of
burial) with spacing 1.4 (i.e., the size of the grid voxel in A) were used for the kinked and
straight conformer, respectively.

Secondary structure elements were identified using the do_dssp tool implemented in GRO-
MACS based on the DSSP method.®® The initial 100 ns were removed from each of the three
independent repeat simulations. Then, the trajectories were concatenated and the coordi-

nates analyzed every 100 ps. An in-house script was used to calculate the percentage of each

10
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secondary structure element.

The angle a between the two P-gp transmembrane bundles (bundle 1: TM1, TM2, TM3,
TM6, TM10, TM11; and bundle 2: TM4, TM5, TM7, TM8, TM9, TM12) was calculated
as follows: First, gmx distance was used to calculate the x,y,z components of the vectors v;
and v, defined between the center of mass of the Ca atoms of residues 89, 90, 91, 92, 96, 97,
98, 99, 207, 208, 209, 210, 212, 213, 214, 215, 320, 321, 322, 323, 330, 331, 332, 333, 737,
738, 739, 740, 745, 746, 747, 748, 850, 851, 852, 853, 855, 856, 857, 858, 962, 963, 964, 965,
971, 972, 973, 974 (see ig. Sle, residues shown in blue) and the center of mass of the Ca
atoms of residues 154, 155, 156, 157, 168, 169, 170, 171, 367, 368, 369, 370, 899, 900, 901,
902, 913, 914, 915, 916 (see Fig. SHb, residues shown in orange) and 255, 256, 257, 258, 270,
271, 272, 273, 795, 796, 797, 798, 811, 812, 813, 814, 1010, 1011, 1012, 1013 (see Fig. Sle,
residues shown in green), respectively. Second, the angle o between these two vectors was
calculated, cosa = (¥ - Us) / (|U1] - |U2|), where Uy - U5 is the scalar product and |v| - |Ua] is

the product of the norms.

Results

Phospholipids and cholesterol accumulate at P-gp portals in both

kinked and straight conformers

First, we aim to elucidate the conformational dynamics of both the straight and kinked P-
gp conformers, to investigate whether, and if so how, the lipids that constitute the highly
specialized hepatocyte bile canaliculi membrane selectively interact with these inward-open
conformers. The kinked and straight P-gp conformers are shown in Fig. 1a,b.

For both conformers, during the initial coarse-grained MD equilibrations, phospholipids
from the lower leaflet were observed to ”snorkel” at the portals, that is, the lipid headgroups
partially enter and exit the transmembrane cavity of P-gp in a dynamic manner, but the

lipids did not fully enter the cavity and bind inside it (Fig. 52). Then, the coarse-grained

11
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Figure 1: Membrane-embedded P-gp in the two different inward-open conforma-
tions. (a) Simulation snapshot of the P-gp kinked conformer embedded in the hepatho-
cyte plasma membrane model. The snapshot is from the ATPKna system (see Table 1).
The protein is shown in ribbon with the transmembrane helices numbered and colored in
rainbow. The ATP and the membrane components are shown in van der Waals represen-
tation, cholesterol in magenta, sphingomyelin in blue, phosphatidylcholine in tan, phos-
phatidylethanolamine in violet, phosphatidylserine in brown, phosphatidylinositol in green.
Solvent and ions are not shown for clarity. (b) As in a but for the P-gp straight conformer.
The snapshot is from the ATPSna system (see Table 1). (c) Protein-lipid contact analysis
of the P-gp kinked conformer. Phospholipid-P-gp and cholesterol-P-gp contacts during the
accumulated 3 ps of all-atom MD simulation time of the ATPKna system for TM1 to TM6
(residues 22-381) and TM7 to TM12 (residues 684-1023). The P-gp transmembrane helices
are numbered and colored as in a and b. The color legend for the lipids and cholesterol is
the same as in a and b. Intracellular coupling helices ICH1 to ICH4 are indicated in green.
(d) As in ¢ but for the P-gp straight conformer (ATPSna system).

simulation systems were back-mapped to all-atom resolution and the protein coordinates
were exchanged with the apo- and holo-P-gp models generated initially from the experimental
structures, to remove any bias from the coarse-grained model on the protein coordinates (see
Methods). The subsequent all-atom MD simulations reveal a complex network of distinct

protein-lipid contacts (”fingerprints” 8¢)

for both conformations (Fig. 1c,d).
Globally and among all the simulated systems, for POPC most of the protein-lipid inter-

actions involve the portion of the transmembrane helices exposed to the extracellular side of
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the membrane, with additional contribution from the cytoplasmic-facing C-term elbow helix
(residues 694-707), TM5, TM9, TM11 and TM12 (Table SI and Fig. S3). Similarly, for
POPE, most interactions map on the cytoplasmic side among the N-term (residues 32-44)
and C-term elbow helices, TM1, TM4, TM5, TM6, TM7, TM8, TM9, TM10 and TM11 (Ta-
ble ST and Fig. 53). For POPS, interactions were found across all the TM helices, including
residues at the N-term and C-term elbow helices (Table S1 and Fig. 53). Interactions with
PIP, were found across all the TM helices, including both the N- and C-term elbow helices,
with the exception of TM3 and TM9, which remain rather shielded (Table ST and Fig. S3).

As expected from the higher concentration of SM in the extracellular leaflet of the bilayer,
P-gp interactions with SM are rather distributed across all the extracellular portions of the
TM helices. Nevertheless, contacts above 60% threshold were also found at the cytoplasmic
side of both P-gp lateral portals and involving TM4, TM6, TM9, TM10 and TM12. In
addition, in the simulations of the cholesterol-free membrane, an overall reduction in the
number of residues interacting with SM was observed (Table S1 and Fig. 53). Finally, the
presence of ATP does not seem to affect the P-gp—cholesterol interactions, which remain
distributed across all the TM helices, even though some preferential contact residues were
identified (Table S1 and Fig. S3).

We further expanded our investigation and found 17 P-gp residues in the transmembrane
domain that preferentially interact with lipids. Interestingly, mutations of these residues were
also found to be associated with various types of cancers (Table ST and Fig. 54). Similarly,
the MD simulations pinpoint 11 residues among natural variants, involved in an altered drug
response to tramadol, a common analgesic. Of notice, mutants were also found on the portal
helices TM4 (A230V), TM6 (A356S), TM10 (V873G, V8741, M876R) and TM12 (A999T),
see Table S1 and Fig. S4.

The analysis of the protein-lipid contacts reveals distinct groups of P-gp residues that
are involved in membrane interactions. These groups of residues do not overlap between the

two inward-facing conformers, kinked and straight, and thus represent a conformer-specific
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"fingerprint”. Different non-overlapping groups of lipid-contacting P-gp residues were also
identified in absence of ATP or when no cholesterol was present in the membrane. Moreover,
our results suggest a role in lipid transport, and possibly cancer development, for residues

located at the lateral portals of the P-gp transmembrane domain.

Conformational change via structural tipping points in helices 4

and 10

Next, we turn to the P-gp main transmembrane cavity, which is enclosed by TM4 and TM10
together with TM6 and TM12 (Fig. 2a, b). Structural data suggest a concerted movement of
these helices to enclose different P-gp transport substrates and inhibitors such as zosuquidar
and tariquidar. 3424887 Therefore, it is important to compare the dynamics of this volume
between the conformers and to map the available druggable space. Under native conditions,
that is in presence of ATP and cholesterol, for the kinked conformer the volume is in the
range 1000-2500 A3 (Fig. 2a, b orange lines), that is, it dynamically fluctuates around the
initial value of ~1700 A% (Fig. 2a, b dotted orange vertical line).

For the straight conformer the volume of the cavity is much larger and deviates from the
initial value of ~5100 A® (Fig. 2a, b dotted cyan vertical line). The straight conformer has
a much wider distribution with an average volume of ~4000 A3, and the cavity volume even
reaches values up to 6000 A3 (Fig. 2a, b cyan lines). Interestingly, in the native membrane the
cavity volume of both conformers decreases in absence of ATP (Fig. 2a dashed orange and
cyan lines), which is somewhat counter-intuitive. For the straight conformer, this effect is
confirmed when cholesterol is removed (Fig. 2b, dotted cyan line). The simulations indicate
that the different conformations of the helices TM4 and TM10 impact the volume distribution
of the P-gp transmembrane cavity, and suggest a relation between this volume and the
presence of ATP.

Beyond xenobiotics and drugs, P-gp is known to bind and extrude phospholipids®?:88

and several works have shown that the transmembrane cavity is accessible to different mem-
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brane components.!1%%6! Therefore, to further investigate whether the two conformers are
permeable and might differ in their lipid accessibility profiles, the number of cholesterol and
phospholipid molecules that snorkel inside the P-gp cavity were analyzed (Fig. 2¢, d). A
snorkeling event was counted if the phosphorous atom or the oxygen atom of the phospho-
lipid headgroups or cholesterol, respectively, were found to be positioned inside the cavity
volume. For the kinked conformer, even though lipids and cholesterol accumulate at both
TMD portals (Fig. 1lc, d), the cavity remains sealed and no snorkeling events were de-
tected. Conversely, during all the simulations of the straight conformer, with the exception
of PIP;, phospholipids and cholesterol were observed at both portals between TM4/TM6
and TM10/TM12 and snorkel with their headgroups into the main P-gp cavity (Fig. 2c, d).
This result suggests that, for the initial loading of the transmembrane cavity with substrate,
P-gp needs to be in the straight conformation (see discussion below).

Remarkably, in the second repeat simulation of the apoSnc system (after ~170ns),
TM10 underwent a structural transition from a straight to a kinked conformation (Fig. SHa,
Video S1). The RMSD of the TM10 Ca atoms with respect to the initial P-gp kinked struc-
tural model and the ATPKna simulated system is 3.7 A and 2.6 A, respectively (Fig. S5).
Following this conformational change, and in line with the previous results, the TM10/TM12
portal becomes sealed to the lipids which otherwise were observed to enter the cavity in
the other repeats (Fig. 2c, d and Fig. S5b). The structural change detected in this ”half-
straight /half-kinked” conformer reduces the cavity volume, explaining the lower values ob-
served for the apoSnc system (Fig. 2b, dotted cyan line). Interestingly, after the straight-to-
kinked conformational transition of TM10, in the simulation the phospholipids are still able
to enter the transmembrane cavity from the opposite portal formed by TM4/TM6 (Fig. S5b).

To more systematically analyze the integrity of the P-gp helices during the simulations,
we analyzed the secondary structure of TM4 and TM10 for all the simulated systems (Fig. 3).
These analyses pinpoint the residues that are the tipping points behind the observed confor-

mational change. TM10 appears to be the most flexible in both conformers. In particular,

15


https://doi.org/10.1101/2024.04.18.590131
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.18.590131; this version posted April 22, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

for the kinked conformer a stretch of mostly coil residues interrupts the helix at position
880-890, and at position 869-872 and 877-892 for the straight conformer. The apoSna sys-
tem shows in this region a somewhat frustrated TM10 helix, in particular around residues
877-892 (Fig. 3). Although the conformational change was only observed in the apoSnc
system, residues 869-873 in TM10 are partially unwinding in almost all the straight P-gp
systems, as is also the case for residues 863-864, the latter showing a similar behavior as
in the kinked conformer (Fig. 3). Modest helix distortion/unwinding was also detected for
TM4 around residues 220-222 and residues 246247, especially for the kinked conformer and
the apoSnc system (Fig. 3).

In summary, even though both conformers are in an inward-open conformation our results
indicate that the lipid accessibility of the main cavity differs. Larger portals are suggested
for the P-gp straight conformer, and bending of helices TM4 and TM10 can govern the
accessibility of the transmembrane cavity. Finally, a partial transition was observed from
the P-gp straight to the kinked conformer via tipping points located within helices TM4 and
especially TM10, possibly hinting at a role of the membrane environment in modulating the

P-gp conformational ensemble.

Correlation between opening of transmembrane bundle and sub-

strate accessibility of main cavity

Our previous findings demonstrate that the kinked conformation limits access to the main
cavity. To study P-gp flexibility various descriptors have been used, such as the distance
between the NBD domains® and the angle between the TM helix bundles.% We aim to
investigate whether these descriptors differ between the straight and kinked inward-open
conformers, and how they correlate with the transmembrane cavity volume, which differs
between the two conformers (Fig. 2). Therefore, we further analyzed how the accessibil-
ity of the transmembrane cavity is coupled to the global conformational dynamics of the

transporter.

16


https://doi.org/10.1101/2024.04.18.590131
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.18.590131; this version posted April 22, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

For each simulated system, the angle o between the two P-gp transmembrane bundles
(Fig. S1) and the distance between the center of mass (COM) of the two NBD domains
(Fig. S6) was calculated, see Methods. The results show comparable values for both con-
formers when simulated in a native membrane and in complex with ATP, with an angle of
~32° (Fig. Sla) and an NBD dimer distance of ~3.5nm (Fig. S6a). These average values are
the same in the simulations without cholesterol (Figs. S1b, S6b). As expected, the absence
of ATP loosens the NBD dimer and increases protein flexibility. This effect might be slightly
more pronounced for the kinked conformer, for which the NBD dimer distance transiently
fluctuates up to values of ~5nm (Fig. S6¢). Interestingly, as shown above, the volume of the
main cavity is decreased in the apoKna system (Fig. 2a, orange dashed line), questioning
whether the NBD dimer distance is a good reporter (or proxy) for transmembrane cavity
accessibility (see below). In the absence of ATP and cholesterol, an increase in protein flex-
ibility is detected for both conformers, with a transient maximum NBD dimer distance of
~5.8nm and the angle a of ~40° for the kinked (Figs. S1d, S6d repeat 1, after 100 ns) and
~5.5nm and ~37° for the straight conformer (Figs. S1d, S6d repeat 2, after 50 ns).

We further analyzed the correlation between the NBD dimer distance and the opening
angle of the P-gp transmembrane bundles (Fig. S7). In general, there is a moderately positive
correlation between the two descriptors. Thus, as expected, an increase of the NBD-NBD
distance is correlated to a larger opening angle a.

Remarkably, in the first repeat simulation of the apoSna system, a negative correlation
coefficient of -0.34 is found (Fig. S7a). Close inspection of the trajectory revealed that
in this simulation, the NBD2 detached from both ICH2 and ICH3. As a consequence, the
transmembrane bundle collapsed somewhat (low « values), and uncouples from the NBDs. In
particular, the two charged residues Arg262 and Asp805 (from ICH2 and ICH3, respectively)
loose contacts, ultimately leading to the detachment of NBD2 from ICH2/3. We interpret
90)

this as a simulation artefact (probably linked to force field imperfections™), which however

confirms the functional importance of the ICHs as conformational transducers between the
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NBDs and the transmembrane bundles.

We finally investigated how the transmembrane cavity volume, which differs between the
two conformers, correlates with the opening angle o (Fig. 4) and the NBD-NBD distance
(Fig. S7b). For the kinked conformer the analysis indicates that despite the fluctuations
observed for the two descriptors used (see above), the cavity volume remains tight, with no
(or even slightly negative) correlation between the two variables for the system under native
condition, ATPKna (Fig. 4 and Fig. S7b). For the straight conformer the distributions of
the cavity volume are broad (Fig. 2), and overall positive correlation is found, especially for
the ATPSnc system (Fig. 4 and Fig. S7b).

The results reported above indicate that the P-gp transmembrane domain is flexible and
can reach wider degrees of opening (with respect to the starting structures of the simulations).
This is also true for the kinked conformer that, although flexible, retains TM4 and TM10 in
kinked conformations (Fig. 3) and the main cavity sealed from the membrane environment.

Regarding the 2nd repeat simulation of the apoSnc system at the time of the conforma-
tional change of TM10 (i.e., after 170 ns), the angle v is ~30° (Fig. S1) and the NBD distance
is ~4nm (I'ig. 56). Since these values are also found among the other simulated systems, and
in light of the only moderate correlation of these two structural descriptors with the cavity
volume (see above), we further aimed to identify alternative structural descriptors to dis-
tinguish the two conformers. We initially considered the Ca—Ca distance between residues
Lys147 (TM2) and Met791 (TMS8), which have been previously used as spin-label positions
in electron paramagnetic resonance (EPR) studies of the conformational flexibility of murine
P-gp (GIn145-Met787%9192 see I'ig. S8). Even though somewhat more broadly distributed
for the straight conformer compared to the kinked (Fig. 5a, bottom panel), the values are
similar, especially for the native membrane conditions (Fig. 5a, dark green line), and com-
patible with the values of ~45 A observed for mouse P-gp.9"92 However, for the TM4-TM10
residue pair G226-G872, which is the pivotal region underneath the kink in the observed

straight-to-kinked conformational transition (Figs. 3, 5 and Fig. 55), distinct values for the
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two conformers were observed. In particular, a sharp distance distribution around 2 nm for
the kinked conformer (Fig. 5a, orange lines), and in the range 2.9-3.5nm for the straight
conformer (Fig. 5a, cyan lines). Fig. 5b shows how the backbone at position 872 pivots to
enable TM10 bending towards the transmembrane cavity. Analysis of the conservation of
residues Gly226 and Gly872 between different P-gp homologous proteins (Fig. S8) reveals a
high degree of conservation for both residues among higher eukaryotes. Noticeably, within
TM4 and TM10, highly conserved prolines are present at positions -3 and -6 from Gly226 and
Gly872, respectively, which might as well act as pivots during the conformational transition
as previously reported for the mouse P-gp.3°

In conclusion, our analyses underline that one might have to be cautious with the intuitive
assumption that a larger transmembrane bundle angle o and a larger distance between the
NBDs indicate increased substrate accessibility of the P-gp transmembrane cavity. Especially
for the kinked conformer, this assumption might not be valid. Instead, the distance between
residues Gly226 and Gly872 might be a preferable descriptor to distinguish not only the two
stable conformers (kinked and straight), but also to describe the transition between them.

Therefore, it could be worthwhile to consider these residues as EPR spin label positions.

Discussion

In this study, all-atom MD simulations are employed to examine the structural dynamics of
two inward-open P-gp conformers, kinked and straight, which largely differ in the conforma-
tion of their portal helices TM4 and TM10. Apart from these two transmembrane helices,
the structures of the two P-gp conformers are similar. The structures were solved under
different conditions, detergent for the straight conformer whereas the kinked structure was
obtained in nanodiscs. This pattern was recently confirmed across species, as evidenced by
the straight conformation observed in the mouse P-gp structure solved in detergent. 3¢ In our

simulations we mimicked the highly specialized canalicular membrane composition, enriched
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with sphingomyelin and cholesterol, which can withstand the harsh environment formed by
the bile molecular soap.!'” To better understand the dynamics and structural relationships of
helices TM4 and TM10 under various conditions, the two conformers were simulated under
native-like conditions and in different environments by removing cholesterol and ATP, known
regulators of P-gp dynamics, individually and in combination, to explore their effects on the

structural dynamics and conformational ensembles.

P-gp dynamics in a lipid context

The MD simulations revealed a complex network of protein-lipid interactions that reflects
the membrane’s pronounced asymmetry. Phospsholipids and cholesterol accumulated at the
P-gp portals exhibiting dynamic ”snorkeling” from the intracellular leaflet, in line with pre-
vious coarse-grained simulations.®® Apart from few exceptions, our MD simulations revealed
a unique pattern of protein-lipid contacts for both P-gp conformers. Interactions with differ-
ent lipids were mapped across various transmembrane helices, with preferences observed for
specific regions depending on the lipid type. Anionic phospholipids present in the intracel-
lular leaflet (PIP, and POPS) and cholesterol were found to strongly interact with all P-gp
TM helices.2"%! Removal of cholesterol from the membrane resulted in an overall reduction
of the interactions with SM.

Our analysis indicates a relationship between membrane lipids and specific residues within
the transmembrane domain, which are commonly mutated in cancer patients, highlighting
their potential involvement in cancer development and altered drug responses (Table S1).
Remarkably, some of these mutations change the polarity if even the net charge of the residue.
In such cases, the predicted lipid interaction may be particularly disrupted, potentially
affecting protein dynamics. It is tempting to speculate how such alteration of protein-lipid

interactions could potentially be linked to the onset of the disease.
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Membrane milieu modulates P-gp cavity accessibility

Using MD simulations, we described and compared the structural dynamics of the two con-
formers, kinked and straight, in a realistic membrane environment. Clear differences between
the two conformers were found. Despite both conformers being inward-open, they signifi-
cantly differ in the volume of the main transmembrane cavity (Fig. 2). P-gp inhibitors bind
within this cavity in both conformers, and understanding how this volume changes in vivo
is crucial for mapping the available ”druggable” space, e.g., for developing P-gp inhibitors.
The kinked conformer exhibits a much more compact cavity compared to the straight con-
former. During the MD simulations, this volume changes, especially with variations in the
membrane composition. Specifically, the absence of ATP in the binding site resulted in a
compaction of the cavity volume in both conformers (Fig. 2a).

As mentioned above, P-gp also functions as a lipid floppase.™® Consistent with previous
studies, %0 lipids and cholesterol were observed to enter the main cavity during simulations.
However, this phenomenon was only observed in the straight conformation (Fig. 2c, d). In
contrast, the bending of helices TM4 and TM10 resulted in the blockage of the substrate
cavity in the kinked conformation, a characteristic observed across all simulated systems.
The accessibility profile of the P-gp substrate cavity is intuitively linked to the aperture
angle of its transmembrane helical bundles and, consequently, to the NBD-NBD distance.
For instance, in a recent study by Jorgensen and coworkers, a critical aperture angle of 27°
was identified for the entrance of thodamine.% The conformational dynamics and structural
flexibility of the inward-open state of P-gp were further explored using EPR spectroscopy,
closely complementing simulations. This highlighted that the distance between the two
NBDs could extend beyond the values reported by other structural data, reaching at least
20 A9

This work demonstrates that the values reported above are frequently observed for both
inward-open conformers. However, in our simulations, having a wide angle or a large NBD-

NBD distance does not seem to guarantee substrate entrance if helices TM4 and TM10 are
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kinked.

The unbiased MD simulations sampled the spontaneous transition to an intermediate
inward-open state, with TM10 changing from a straight to a kinked conformation. This
transition was observed in a particular system (apoSnc) where the membrane lacked choles-
terol, potentially resulting in increased membrane fluidity that might have accelerated this
transition. Additionally, although the protein was not loaded with nucleotide, it’s plausible
that the presence of ATP could influence this transition. Moreover, the order of events, that
is, whether TM4 or the (apparently more labile) TM10 kinks first in a functional working
cycle, remains an open question (see below).

The observed movement of TM10 could potentially act as a piston mechanism, facili-
tating the movement of substrates into the transmembrane cavity and subsequent substrate
exclusion. Furthermore, the degree of bending may vary to accommodate substrates of dif-
ferent sizes and shapes. Interestingly, membrane components were not observed to enter
the cavity from the TM10/TM12 portal, but they could access the passage available from
the opposite TM4/TM6 portal. The latter was suggested to be an energetically favorable
entrance gate.%

It has been suggested that TM4 and TM10 undergo structural rearrangements between
straight and kinked conformations during a productive transport cycle.?® These two con-
formers represent distinct functional states. Our simulations suggest that the straight P-gp
structure obtained in detergent is a permeable inward-open state that may precede the kinked
structure in the sequence of key conformational states that constitute a functional working

cycle (see below and Fig. 6).

P-gp straight and kinked conformers in a mechanistic context

Lipid snorkeling within the P-gp transmembrane cavity can facilitate the entrance of P-
gp substrates. NMR studies have shown that P-gp substrates and modulators bind from

the membrane interface region.'® MD simulation studies further hypothesized that P-gp in-
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hibitors may promote the recruitment of lipids. ! Along the same lines, a pivotal role of lipids
in facilitating the binding of the inhibitor tariquidar was hypothesized.!? Such co-recruitment
has also been discussed for other transporters such as the major facilitator superfamily (MFS)
multidrug transporter LmrP from Lactococcus lactis, where specific lipids may control the
substrate binding pocket, contributing to substrate promiscuity and adaptation.®?

In light of these evidences, we seek to provide a functional rationale that incorporates
the two inward-open conformers. In Fig. 6 a schematic mechanistic timeline is proposed, in
the context of a functional cycle. The key steps are as follows. In step 1, P-gp is initially
loaded with ATP (Fig. 6, green hexagons) and TM4/TM10 are in the straight conformation.
In this resting conformation, lipids (yellow spheres) can enter the transmembrane cavity
via both P-gp portals (TM4/TM6 and TM10/TM12), possibly providing a malleable hy-
drophobic molecular microenvironment, which might facilitate the migration of hydrophobic
transport substrates (pink sphere) in step 2. With lipids and substrate present within the
main cavity, TM4 and TM10 transition to the kinked conformation (step 3), preventing sub-
strate disengagement. How exactly the protein recognizes whether the substrate is inside the
main cavity, and how that signal is transduced to initiate the conformational change of the
transmembrane helices, is a formidable question. Possibly, the wrap around the ligand or an
engulfed cavity with lipids (or substrate, or both) could shift the conformational equilibrium
in favor of a kinked conformation. It is conceivable (but speculative) that one ATP molecule
could be hydrolized at this stage to promote the conformational change straight to kinked.
In step 4, transport substrate and lipids are finally extruded. ATP hydrolysis then resets

the transporter to the initial substrate-receptive state.

Conclusion

This molecular dynamics (MD) simulation study reinforces and contextualizes the concept

that the membrane environment governs the conformational dynamics and flexibility of P-gp.
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We compare two distinct inward-open conformations, the straight and kinked conformers,
with unique structural features and functional implications. The transition between these
conformers, particularly the bending and partial unwinding of helices TM4 and TM10, was
found to be influenced by membrane composition, including the presence or absence of
cholesterol. This work reconciles available structural biology data and sheds light on the
potential functional relevance of the two inward-open conformers in the context of the P-gp

transport cycle.
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Figure 2: Characterization of the P-gp main transmembrane cavity. (a and b)
Distribution of the volume of the P-gp transmembrane cavity during the MD simulations.
The initial volume is indicated by vertical dotted lines. The insets on the right are the
initial P-gp conformer models, the kinked conformer on the left (orange) and the straight
conformer on the right (cyan). The volume of their respective cavity is shown in yellow
and both TM4 and TM10 are indicated. (c) Cholesterol and phospholipid snorkeling events
from the membrane into the P-gp cavity during the MD simulations. A snorkeling event
was recorded if the phosphorous or the oxygen atoms from phospholipids or cholesterol,
respectively, were positioned inside the cavity volume shown in a, b. The three repeat
simulations (of 1ps each) were concatenated. The color legend is the same as in Fig. 1. (d)
Snapshots from simulations showing the transmembrane cavity of the straight conformer with
the membrane components (in van der Waals representation), snorkeling within the cavity
(indicated in yellow). The phosphorous atoms from the lipid headgroups are indicated as
spheres. Solvent, ions and NBD domains hav been removed for clarity.
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Figure 3: Evolution of the secondary structure of TM4 and TM10 in the simulated
systems. The plots show the persistence of each secondary structure element (color code
at the bottom) calculated as a percentage during all concatenated repeat simulations.
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Figure 4: Correlation between the P-gp transmembrane cavity volume and the
angle a between the transmembrane helix bundles. For each simulated system and
each simulation repeat, the Pearson correlation coefficients are indicated. The three simula-
tion repeats are shown in different colors, with the color gradient indicating the simulation
time. The circles indicate the initial values at the beginning of the simulations.
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Figure 5: P-gp structural descriptors define alternative conformational states.
(a) Distance distributions between residue pairs for the kinked (top) and straight (bottom)
conformers. The inset shows the time trace for the "repeat 2”7 simulation of the apoSnc
system in which the half-straight /half-kinked conformational transition occurs (magenta),
in comparison to "repeat 1”7 (cyan). (b) Snapshots from simulations of the straight (cyan),
kinked (orange) and half-straight /half-kinked (magenta) conformers. The residues used for
the distance calculations are indicated.
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Figure 6: Mechanistic scheme for the straight and kinked inward-open P-gp con-
formers. P-gp straight (cyan) and kinked (orange) conformers are represented in cartoon.
ATP and ADP are shown as green and red hexagons, respectively. Phospholipids and sub-
strate are depicted as yellow and pink spheres, respectively.
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Figures S1. Angle a between the two P-gp transmembrane bundles during
simulations. (a—d) The time trace of the angle a is shown for each repeat and for each
system (the trajectories have been concatenated for clarity). The kinked conformer is
indicated in orange and the straight conformer in cyan. The distributions are also shown on
the rlght (e) Rlbbon representation of the kinked conformer with the position of the two

vectors V and V indicated (see Methods).


https://doi.org/10.1101/2024.04.18.590131
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.18.590131; this version posted April 22, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure S2. Phospholipids and cholesterol densities from the coarse-grained
simulations. The abbreviations for each simulated system are indicated as in Table 1. The
color legend for the lipids and cholesterol is the same as in Figure 1. el, extracellular leaflet

il, intracellular leaflet.
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W212 K213 K234 1319 R749(L/ S237 E325(G) E74 R210
Q)°

A233 E353 Y114 W315 Y853 W855
System: ATPK/Snc
K213 Y316 T319 E325(G) W45 L320 Q750 R210 K234

Q330 K734 E74 T209 S237 R741(1) Y853

System: apoK/Sna

E109 E74 Y116 R113 Y117(F) D110 Y114 K234 R210
R€;258(Q/ E108 T112 T209 Q750 W855

W

System: apoK/Snc
R113 Y962 H966(N)* L96

S237 R958(Q/
W)?

P-gp interactions with CHOL / (threshold is 70%)

System: ATPK/Sna

K48 W45 R832 1870 S992 A230(V) 1352 V873(G) S349
N839 1937 Y50 L705 V835 R933 H936 T845 1840

Y962 T209 N753 L757 1836 A841(E/ E875 Y116 W212
T

oo
m
N
o
[<e)
-<
N
N
P
T
-

R210 E74 E108
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P-gp interactions with POPC ? (threshold is 70%)
System: ATPK/Sna
K1002 Y998 R958(Q/ Q750 212 K213 R210 R749(L/ N753

W)1,2 Q)3,4
Y853 E108 E109 E112 R113 Y116 R286(1)*¢ W698
System: ATPK/Snc

R113  W212  R749(L/ Q750  N753 Y962 L968 E74 E109
Q)?
Y114  YM7(F) R210 K213 Y853  W855  H966(N) D110  T112
Y116  W315 1852 Q856  E325(G) Y998  A999(T)Y R832  T209
L216 Y316 1719 F775 R9258(Q/
W)

System: apoK/Sna

K48 W45 Y116 N753 T112 L757 R958(Q/ 1836 R933
W)2,4

T294  W315 W708  F37 K290  M701() S756  L70 A115
T209 K291 Y316 T706  F711  L754  S992  W698 1852
M876(R) K877  M878  F851  W855  V873(G) V874(l) 1937 Y998
L1833  H936 1940  T941

(a—f) The residues listed have lipid contacts above the indicated threshold with respect to
the residue that has the maximum number of contacts for that specific lipid. Residues
underlined and not underlined refer to P-gp-kinked and P-gp-straight conformations,
respectively. Residues highlighted in bold are found in both P-gp-kinked P-gp-straight
conformations. Residue found mutated in cancer samples (yellow) and involved in drug
response and inborn genetic disease (pink) are highlighted. Mutation information related
to human cancers and diseases were obtained from UniProtKD(10) and the catalogue of
somatic mutations in cancer (COSMIC) database (https://cancer.sanger.ac.uk').
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Figure S3. Protein-lipid contact analysis of the simulated P-gp conformers. Overall
P-gp/lipid and P-gp/cholesterol contacts in the 3 ps of collected simulation time of all the
simulated systems for TM1 to TM6 (residues 22-381) and TM7 to TM12 (residues
684—-1023). The P-gp transmembrane helices are numbered and colored in rainbow as in
Fig. 1. The color legend for the lipids and cholesterol is the same as in Fig. 1 in the main
text. Intracellular coupling helices ICH1 to ICH4 are indicated in green.
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Figure S4. P-gp residues mutated in cancer and found in contact with membrane
lipids. The Ca of mutated residues are indicated. The color code is the same as in Table
S1. In yellow (left) residues found in cancer cells, in pink (right) residues involved in drug
response (tramadol response) and inborn genetic disease. Mutation information related to
human cancers and diseases were obtained from the UniProtKB(10) and the catalogue of
somatic mutations in cancer (COSMIC) database (https://cancer.sanger.ac.uk)(11).
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Figure S5. The half-straight/half-kinked P-gp conformer. Structural comparison
between the initial P-gp kinked conformer (orange), the simulated P-gp kinked (light
orange) and the simulated straight (cyan) conformers. The simulated P-gp kinked
conformer shown (light orange) is the last frame from the “repeat 1” simulation of the
ATPKna system. The P-gp straight conformer shown (cyan) is a frame from the “repeat 2”
simulation of the apoSnc system. (a) The TM4 and TM10 are shown in ribbon, the rest of
the protein as Ca trace. Structures have been superposed over the Ca atoms of the
transmembrane domain (residues 32-371 and 694-1013), the RMSD is indicated. (b)
Snapshots from the apoSnc simulated systems. The repeat is indicated, showing the
transmembrane cavity of the P-gp straight conformer with the membrane components (in
van der Waals representation), snorkeling within the cavity (indicated in yellow). The


https://doi.org/10.1101/2024.04.18.590131
http://creativecommons.org/licenses/by-nc-nd/4.0/

" BRSHIREIR Sl M. tRE R AR A ol B RS I At A SRl T e SV B I S ™"

NBD domains are not Showwqi@PI%Pé?ﬁrﬁCC—BY—NC—ND 4.0 International license.

Figure S6. Distance between the center of mass of the two P-gp NBDs during
simulations. (a—d) The time trace of the distance is shown for each repeat simulation
(1,2,3) and for each conformer. The kinked conformer is indicated in orange and the
straight conformer in cyan. The distributions are also shown on the right. (e) Ribbon
representation of the kinked conformer with the position of the NBD centre of masses
highlighted in yellow.
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Fig S7. Structural correlation of P-gp. (a) Correlation between the NBD dimer distance
and the angle a between the transmembrane bundles. (b) Correlation between the volume
and the NBD dimer distance. For each simulated system and each repeat, the Pearson
correlation coefficients are reported. The three simulation repeats are indicated in different
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Figure S8. Multiple protein sequence alignment of P-gp homologous proteins.
(continue)
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Figure S8. Multiple protein sequence alignment of P-gp homologous proteins. The
sequence reference numbering is relative to the human P-gp. The red boxes indicate the
position of the pivotal Gly226 and Gly872. The consensus is indicated below and colored
from red to blue (from lower to higher degree of conservation). The color legend is
indicated.
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