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The membrane biophysical aspects by which multidrug resistance (MDR) relates with ABC 

transporters function still remain largely unknown. Notwithstanding the central role that efflux 

pumps like P-glycoprotein have in MDR onset, experimental studies classified additionally the 

lipid micro-environment where P-gp is inserted as determinant for the increased efflux capability 

demonstrated in MDR cell lines. Recently, a nonlinear model for drug-membrane interactions 

showed that, upon drug adsorption, long-range mechanical alterations are predicted to affect the 

P-gp ATPase function at drug external concentrations of ~10-100 µM. However, our results also 

show that drug adsorption may also occur at P-gp nucleotide-binding domains where 

conformational changes driving efflux takes place. Thus, we assessed the effect of drug 

adsorption to both protein-water and lipid-water interfaces, by means of molecular dynamics 

simulations. The results show that free energies of adsorption are lower for modulators in both 

lipid/water and protein/water interfaces. Important differences in drug-protein interactions, 

protein dynamics and membrane biophysical characteristics were observed between the different 

classes. Therefore, we hypothesize that drug adsorption to the protein or lipid-water interface 

account for a complex network of events that affect the transporters' ability to efflux drugs. 

Introduction 

One of the major challenges to cancer treatment is multidrug 
resistance (MDR) presented by cancer cells as a way to 
surpass the pharmacological action of many chemotherapeutic 
agents, often structurally unrelated and with distinct 
mechanisms of action.1 MDR, in spite of being a 
multifactorial phenomenon, is thought to be related mostly 
with the over-expression of ATP-dependent efflux pumps– 
ABC transporters– at the surface of cancer cells. From the 49 
ABC transporters known to exist in the human genome, 
Multidrug Resistance-associated Protein 1 (MRP1, ABCC1), 
Breast Cancer Resistance Protein (BCRP, ABCG2, also known 
as mitoxantrone resistance protein) and P-glycoprotein (P-gp, 
ABCB1) are the efflux triad mostly reported as being involved 
in MDR phenomenon.2–4 Recently, experimental evidences 
also implied ABCB5, largely expressed in cancer stem cells 
and malignant melanomas, in the development of MDR 
phenotype.5–7 
 P-gp, one of the most studied ATP-dependent efflux pumps 
associated to MDR, is organized in two functional units linked 
by a polypeptidic sequence with a pseudo two-fold molecular 
symmetry. Each unit comprises six transmembrane (TM) 
domains and one cytoplasmic nucleotide-binding domain 
(NBD) where ATP binds.8,9 It is widely accepted that the P-gp 
efflux mechanism involves a hydrophobic vacuum cleaner 
model10,11 in which substrates, according to their partition 
coefficient, accumulate within the lipid bilayer and are 
translocated from the inner leaflet towards the extracellular 
space12–14 or into the outer leaflet.1,11 P-gp is also 
characterized by a large internal drug-binding pocket8 where, 
at least, three drug-binding sites were identified and 
characterized.8,15,16  Many theoretical and experimental 
studies have been performed in an attempt to clearly identify 

features associated to substrate recognition and those 
responsible for efflux modulation. While earlier studies 
identified nitrogen atoms, aromatic moieties, water/octanol 
partition coefficient (logP) and hydrogen-bond acceptors as 
important for recognition,17–21 more recent studies pointed out 
the presence of tertiary amines, alkoxy groups or sugar 
moieties as specific efflux promoters– effluxophores.22 
Oppositely, molecules that can modulate P-gp efflux are 
characterized to be structurally elongated and to have 
aromatic moieties. Optimal distances between hydrophobic, 
hydrogen bond donor and acceptor groups are also described 
to be important for efflux modulation as these moieties 
increase the probability of establishing π-π, CH-π or 
hydrogen-bonds with residues inside the drug-binding 
pocket.23 Nonetheless, optimal logP values are always 
required to allow higher partition rates towards the lipid 
bilayer.24 
 The above studies were specifically designed to better 
understand the interaction between molecules and 
hypothetical drug-binding sites located at the transmembrane 
domains inside the lipid bilayer. However, in order to reach 
these specific locations, any molecule should first diffuse into 
the lipid bilayer in order to gain access to one of the 'entrance' 
gates located between TM helices 4/6 or 10/12.8,25,26 Recently, 
Rauch et al. proposed a physical model by which mechanical 
interactions between drugs and lipid membranes could 
directly affect efflux.27 More specifically, changes on 
membranes' biophysical properties due to drug adsorption are 
expected to have an impact on P-gp dependent efflux through 
a non-linear effect. Namely, membrane energy changes are 
correlated with drug accumulation as a function of their 
physico-chemical properties and external concentration in 
solution. In addition, and as P-gp displays a two-stage curve 
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for the ATPase activity in the presence of low (increase in 
activity) or high (decrease in activity) drug concentrations, it 
was also assumed that drug concentrations are related to P-gp 
ATPase function and that a range of concentrations would 
block P-gp in a predetermined state dependent on membrane 
changes.27 Hence, the amount of drug needed to effectively 
block ~50% of P-gp function was estimated between 8-80 µM, 
in agreement with other experimental studies.28 Drug 
permeation towards the lipid bilayer initiates with its 
adsorption at the water/lipid interface, followed by drug 
diffusion into the membranes' inner leaflet and, as pointed out 
by Rauch et al., may account for mechanical changes in the 
membrane that may have a direct impact on P-gp efflux. 
Likewise, it is also expected to occur drug adsorption to the 
cytoplasmic nucleotide-binding domains that might have an 
impact in the ATP-driven rigid-body motions that drive 
conformational changes towards substrate efflux. Thus, the 
efflux model described above implies that P-gp and the lipid 
bilayer act as a combined entity rather than two independent 
structures. This is supported by experimental data that 
identified lipid composition13,29 and passive permeation 
rates29–31 as critical for efflux to occur. Although the previous 
study by Rauch et al. only considered drug-membrane 
interactions, drug-protein interactions must also occur as a 
step-by-step addition dependent on law of mass action, in 
accordance with the thermodynamics of adsorption of small 
molecules by proteins.32,33 Molecular dynamics (MD) studies 
clarified that, for efflux to occur, both NBD domains must 
induce conformational changes through rigid-body motions 
around a central pivotal motif that are transmitted to the 
transmembrane domains (TMDs) by short helical domains 
located in the intracellular coils (ICLs) at the NBD-TMD 
interface.34–37 Thus, as the NBDs account for almost all of P-
gp's solvent accessible area, it can be expected that this 
stepwise adsorption could have some degree of impact on the 
rigid-body motions that initiate efflux, depending on the 
number of adsorbed molecules and their physicochemical 
properties. Moreover, and taking into account that P-gp is a 
polyspecific efflux pump, the estimation of the drug 
adsorption free energy towards the transporter and membrane 
or changes in normal motion patterns may become new 
suitable molecular descriptors to characterize the efflux 
susceptibility of molecules commonly described as non-
substrates, substrates and modulators.38 
 As stated above, MD studies are increasingly contributing 
to the knowledge on efflux mechanism by ABC transporters.38 
Computational studies have been used to estimate the 
interactions and adsorption free energies of peptides32,39,40 or 
small molecules41,42 with several surfaces or lipid bilayers.43,44 
This technique was also successfully used to evaluate 
cooperative adsorptions at the vacuum-water interface.45 
Therefore, molecular dynamics simulations can also be used 
to estimate the free energies of adsorption of small molecules 
towards P-gp and lipid bilayer.  
 In this paper, a series of molecular dynamics runs 
comprising twelve small molecules are described, eleven of 
which are frequently characterized as non-substrates (three), 
substrates (five) and modulators (three). Adenosine 

triphosphate (ATP) was also evaluated as the natural substrate 
for the ATP-binding site located at the canonical dimer 
interface. The main objectives are, for the first time, to 
evaluate the free energies of adsorption for molecules of the 
different groups by 1) identifying the amino acid residues 
more frequently involved in drug adsorption and 2) to identify 
mechanical alterations in the bilayers' physical properties 
derived from drug adsorption at the lipid-water interface. The 
study of these two properties should provide direct 
information about the possibility of each class of molecules to 
interfere with P-gp conformational changes and therefore to 
have a direct impact in the efflux cycle. 

Methods 

 Initial structures. From a previous study,25 a system 
comprising P-gp that also contains an important sequence for 
drug recognition and ATP hydrolysis46 inserted in a lipid 
bilayer with 464 molecules of 1-palmitoyl-2-
oleoylphosphatidylcholine (POPC), solvated with 55.896 
waters and neutralized with 26 chlorine ions in a total of 
204.260 atoms was used as a starting point for free energy 
calculations. POPC force field parameterization was retained 
from previous simulations.47,48 Ligand molecules were 
parameterized according to the 53a649,50 parameter set of 
GROMOS9651,52 force-field using the ATB53–55 or PRODRG56 
on-line servers and manually curated. Mülliken partial 
charges57 were assigned through ab initio calculations at the 
Hartree−Fock level of theory using the 6-31G basis set with 
diffuse (neutral) or diffuse/polarization (charged molecules) 
functions in the Gaussian0358 program. 
 Simulation Parameters. The GROMACS 4.6.x simulation 
packages59–63 were used for the MD simulations. All 
simulations applied periodic boundary conditions (PBC). 
Initial energy minimizations were performed using the 
steepest descent method. All NpT runs used the Nosé-Hoover 
64,65 thermostat and the Parrinello-Rahman66 barostat for 
temperature (303 K) and pressure coupling (1 bar), 
respectively. In the presence of membranes, the pressure 
equilibration was achieved through a semi-isotropic pressure 
coupling, with system compressibility defined as 4.5x10-5 bar-

1 and initial box with dimensions xyz of 12.75 x 12.75 x 16.55 
nm³. Particle Mesh Ewald (PME) method with cubic 
interpolation67,68 and FFT grid spacing of 0.16 was used for 
long-range electrostatics, with identical short-range cut-off 
radius for electrostatic and van der Waals interactions (10 Å). 
Group-based or Verlet69 cut-off schemes were applied for the 
calculation of non-bonded interactions on CPU and GPU 
respectively. SETTLE70 (for water molecules) or LINCS71,72 
algorithms were used to constrain all bond lengths. 
 Adsorption Runs. In order to determine the free energy of 
adsorption of the molecules toward P-gp cytoplasmic domains 
or lipid bilayer, four different groups were defined based on 
the classification of Polli et al.73 (later modified by Rautio et 

al.74) and Didziapetris et al.75: alprenolol75, 
diphenhydramine76,77 and ranitidine78,79 (non-substrates); 
verapamil,80 colchicine,81 Rhodamine-123,82,83 Hoechst 
33342,84 and trimethoprim85 (substrates); latilagascene D,86,87 
tariquidar88 and the flavonoid kaempferide89 (modulators). 
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Colchicine, latilagascene D, kaempferide and trimethoprim 
were considered to be neutral at physiological pH (based on 
the pKa values of ionizable groups calculated in 
MarvinSketch90). Another system solely for ATP adsorption 
was analysed separately. In each system, sixteen molecules 
(corresponding to concentrations around ~15 µM) were 
randomly placed in the bulk solvent around the cytoplasmic 
NBD domains and all water molecules, within 2 Å from each 
inserted molecule, were removed (with tcl/tk scripting in 
Visual Molecular Dynamics, VMD)91. All systems were then 
energy minimized, followed by a 50 ns unrestricted NpT run. 
For sampling purposes, two other systems, one containing 
Hoechst 33342 and the other tariquidar, and three systems for 
kaempferide were built. Finally, for comparison purposes, the 
apo system MD simulation described in a previous paper25 
was extended for an additional 50 ns. 
 Data analysis. The trajectories of each molecule that 
adsorbed either to the NBD domains or the lipid-water 
interface were used to estimate the free energy of adsorption 
of the molecules. For protein adsorption, the normalized 
probability density (Pi) was obtained with g_rdf as a radial 
distribution function for the center of mass densities of a 
molecule A at a distance r around the closest atom in B (i.e. 
protein surface). Similarly, for lipid adsorption, and taking 
into account that the lipid bilayer is similar to a flat surface 
where molecules adsorb,39 Pi was obtained in three steps. 
First, g_traj tool was used to extract the z coordinate for the 
center of mass of a given molecule as a function of time. 
Then, the probability distribution function for each molecule 
to be at a certain distance from the lipid bilayer in the MD run 
was determined by first splitting the obtained plot in several 
bins (∆r = 0.05 Å) and calculating the frequency fi of a 
molecule in each bin. Finally, from the positional probability 
pi obtained by the equation 

∑
∑

1=pwith,
f

f
=p i

i

i
i  (1) 

it was possible to calculate the normalized probability density 
Pi as the quotient between the positional probability (pi) and 
bin width (∆r), 

∑ ∆
∆

1. =rpwith,
r

p
=P i

i
i  (2). 

 The obtained distributions (for each adsorbed molecule) 
were the basis for the calculation of the free energies of 
adsorption to the protein or to the lipid through the probability 
ratio method.39,92 For each molecule considered, the relative 
free energy difference (∆Gi) between two positions was 
calculated as 









−−∆

0

0 .ln
P

P
RT=GG=G i

ii  (3) 

where R is the ideal gas constant, T the absolute temperature 
(303 K) and G0 is the free energy of a reference state. For the 

protein adsorption calculations, the reference state was 
obtained using the values in bulk water at 20 Å from the 
interfaces. When adsorption was fast, this cut-off was reduced 
to 10 Å due to lack of statistics for distances larger than this 
value (the molecules moved rapidly towards the interface with 
low probability to be found at larger distances). 
 Finally, the overall free energy of adsorption for a given 
molecule was calculated from the weighted sums of the 
relative free energies, 

∫ ∆∆∆
bin

iiads rGP=G ..  (4). 

 Hydrogen-bond and non-bonded interactions between 
adsorbed molecules and protein residues were evaluated using 
g_hbond93 and g_contacts94 tools. For each class, the spatial 
distribution of molecules around P-gp was calculated with 
g_spatial tool available in GROMACS, after centering the 
protein and removing its periodicity, and rotational and 
translational motions. 
 Membrane leaflets are herein identified as upper and lower 
leaflets, with the lower leaflet being the one close to the 
nucleotide-binding domains (i.e. cytoplasmic leaflet). 
Membrane biophysics were characterized by means of area 
per lipid (AL) and thickness (DHH) and free energy calculations 
(∆Gdef and ∆Gres). AL and DHH were obtained from the last 10-
ns trajectory, when the large majority of the molecules are 
already adsorbed to the membrane. This was accomplished by 
extracting a 6x6 nm² bilayer section around the geometrical 
center of each molecule, using python scripts developed in-
house and trjconv tool, in order to create suitable input files 
for GridMAT-MD95 calculations. Internal drug-binding pocket 
volume variations as a function of time were calculated using 
VOIDOO96,97 software with a 1.2 Å probe radius and a 
primary grid size of 0.7 Å. For each class of molecules, the P-
gp pocket volume probability distribution was obtained by 
calculating the frequency that each instantaneous value felt in 
bins of size 100 Å³. Free-energy studies on membrane-
deformation energy penalty (∆Gdef) and residual hydrophobic 
exposure energy penalty (∆Gres) were calculated through the 
hybrid Continuum-Molecular Dynamics (CTMD) approach 
using CTMD98 software. Statistical results were performed 
using the Student's T-Test in Libreoffice Calc. 

Results 

Free energy calculations. The free energy of adsorption for 
several classes of molecules71-73 (Chart 1) towards the protein 
surface and lipid-water interface was assessed. From Figure 1 
(and Figure S1 for each molecule individually), it is possible 
to observe that, in all classes, molecule adsorption is an 
energetically favourable process. To this matter, the lowest 
energies were found for ATP in both protein (-9.6±0.6 kJ.mol-

1) and membrane (-12.4±1.6 kJ.mol-1) interfaces. However, 
this can be explained by its negative charge (net charge of -4) 
that promotes electrostatic interactions with positively 
charged residues as lysines and arginines or positively charged 
moieties as cholines (in POPC). However, a statistically 
significant difference could be found between ATP and all 
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classes but modulators (p < 0.05). 
 Interestingly, modulators free energies of adsorption were 
found to be the lowest among the three evaluated classes, with 
∆Gads ranging from -8.8±0.8 kJ.mol-1 (protein) up to -9.9±0.5 
kJ.mol-1 (lipid interface) and also showing a statistically 
significant difference from substrates and non-substrates for 
protein adsorption (p < 0.05).  

 
 

Chart 1. Chemical structures of the molecules used in the MD 
simulations, with pKa of the ionizable groups, logP and logD (as 

calculated by MarvinSketch90). 

 For substrates and non-substrates, the free energies of 
binding to each interface were higher than modulators but still 
favourable, as shown in Figure 1 i.e. the calculated free 
energies of adsorption for substrates were -7.1±0.4 kJ.mol-1 
and -8.9±0.8 kJ.mol-1 for the protein and lipid interfaces, 
whereas for non-substrates the calculated energies for each 
one of the interfaces were -6.0±1.0 and -9.1±2.7 kJ.mol-1 
respectively. 
 The adsorption energies towards the lipid-water interface 
are always more favourable than the ones reported for protein-
water interface, suggesting that the adsorption to the lipid 
bilayer is the primary mode of action for these molecules, in 
comparison to the adsorption towards P-gp. Moreover, the 
energetic difference between both interfaces seem to increase 
from modulators (~1.1 kJ.mol-1) to substrates (~1.8 kJ.mol-1) 
and non-substrates (~3.1 kJ.mol-1). 
 It is also worth noticing that drug adsorption to both 

structures showed different behaviours. When considering 
molecule adsorption to the protein-water interface, a higher 
number of molecules are found for both substrates and 
modulators when compared with non-substrates (Table S1, 
Supporting Information). Regarding the lipid interface, a close 
inspection of the z coordinate evolution with time (the 
molecules' path, as obtained by g_traj) showed that in few 
cases (~10%) a transient adsorption of the molecule to the 
lipid bilayer first occurs before it becomes fully adsorbed. 
Oppositely, the molecules' adsorption to the protein occurs 
immediately after the first contact. 
 In this study, smaller molecules as trimethoprim, 
diphenhydramine or alprenolol were found to be inserted 
between the lipid headgroups. However, only kaempferide and 
diphenhydramine were able to show full permeation into the 
inner leaflet of the membrane, with one kaempferide molecule 
additionally showing spontaneous flip-flop between both 
membrane leaflets. This is found to be in agreement with 
experimental evidences found for related molecules.99,100 In 
addition, it is also known that a wide range of flavonoids bind 
to vicinal ATP- and steroid-binding sites,89 modulating efflux 
by impairing ATP binding. Thus, high adsorption rates were 
expected for kaempferide that may be related with its 
modulating activity, not only at the ATP-binding site but also 
by changing the biophysical properties of membranes. 

 
Figure 1. Free energies of adsorption (mean ± SE) for the different 

classes at protein-water or membrane-water interface. Statistical 
significance was determined by comparing the different classes with 

multiple T-Tests (p < 0.05). 

 Since several experimental studies clearly demonstrated 
that molecules may interact with P-gp and induce ATPase 
activity without significant efflux,74,76,101 this led us to 
suppose that a different mechanism, unrelated with substrate 
competition or passive permeation rates, may also be involved 
in efflux modulation. In this mechanism, drug adsorption at 
the surface of NBDs may be able to disturb the mass/charge 
balance between both domains, affecting the normal motion 
patterns that drive conformational changes during the efflux 
cycle. This is in agreement with the observations by Litman et 

al., showing that the intrinsic affinity of some drugs for the 
cytoplasmic P-gp surface is four-fold higher than at the other 
side of the membrane.102 Moreover, Äanismaa et al. also 
concluded that, at sufficiently high drug concentrations, the P-
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gp ATPase works in an enthalpy-driven manner probably due 
to the loss of residual motion of the transporter.103 
 As suggested by the calculated adsorption energies, NBDs 
may also participate in the efflux process by increasing the 
concentration in the surrounding environment, displacing 
molecules from the bulk water environment into the water 
shell next to their surface, which may indirectly also enhance 
membrane permeation. In addition, drug adsorption may also 
affect the normal motion patterns. This effect may respond to 
changes in the surrounding environment, with the magnitude 
of such changes intimately related with the physico-chemical 
properties of the adsorbed molecules. 
 Protein interaction profile. We thoroughly investigated all 
interactions between individual molecules that effectively 
adsorbed to the protein (Table 1) or to the lipid bilayer. 

Table 1. Contacts and hydrogen bond statistics for each class of 
molecules. <NNB>, average number of non-bonded interactions per class; 
ARO, interaction with aromatic residues; HYD, interaction with 
hydrophobic residues; POL, interaction with polar residues; <NHB>, 
average number of hydrogen bonds per time frame; <τ>, mean hydrogen 
bond lifetime; ∆GHB, HB formation energy in kJ.mol-1.  

 Interaction type 

Contacts Hydrogen bonds 

Classes <NNB> ARO 
% 

HYD 
% 

POL 
% 

<NHB> <τ> 
ps 

∆GHB 
kJ.mol-1 

non-substrates 7.8 13.7 23.4 62.8 0.47 1035 -20.9 

substrates 8.6 10.8 33.6 55.6 0.85 1631 -22.4 

modulators 16.6a 9.7 26.8 63.5 1.09 1481 -22.3 

ATP 11.1 12.3 16.3 71.4 2.82b 2351c  -23.9b 

Statistical significance was determined by comparing the different classes 
with multiple t-Tests (a, p < 0.05 with non-substrates and substrates; b, p < 
0.05 with non-substrates; c, p < 0.05 with all classes). Data for individual 
molecules are is available in Figures S3-S5).  

 While for membrane adsorption electrostatic interactions 
play a major role due to the charged phosphate and choline 
moieties at the lipid headgroups, protein adsorption seems to 
be not only dependent on negatively (glutamate, aspartate) 
and positively charged (lysine, arginine) residues but also on 
hydrogen-bond donor residues such as glutamine and 
asparagine. Interestingly, all classes seem to preferentially 
interact with residues with additional methylenic units (-CH2-) 
like glutamate and glutamine (against aspartate and 
asparagine) or even longer sidechains as in arginine and lysine 
(with two and three additional methylenic units respectively). 
In addition, from Table 1 a sustainable increase in the total 
number of interactions occurs from non-substrates toward 
modulators. 
 Regarding protein contacts, substrates interaction pattern is 
higher for hydrophobic residues when compared with the 
other classes, also showing fewer interactions with polar 
residues. Oppositely, modulators interaction with aromatic 
residues is always lower when compared with the remaining 
classes, leading us to assume that polar interactions have a 
greater importance for the molecules included in this class. As 
expected, ATP interacts mainly through electrostatic and/or 
hydrogen bond interactions and higher contact frequencies 

with polar residues were effectively observed throughout the 
simulation time. 
 For hydrogen bond (HB) capability, it is also possible to 
see that the mean number of hydrogen bonds per time frame 
also increases from non-substrates (0.47) to modulators 
(1.09). While non-substrates have the highest HB formation 
energies (∆GHB, -20.9 kJ.mol-1), all the remaining classes have 
similar energies around -22.3±0.1 kJ.mol-1. However, higher 
hydrogen bond lifetimes are registered for substrates (1631 
ps) when compared with modulators (1481 ps) and even 
higher than for non-substrates (1035 ps). Finally, ATP 
registered the highest number of HB per time frame (2.82) and 
HB lifetimes (2351 ps) and the lowest ∆GHB values (-23.9 
kJ.mol-1). 
 The electrostatic contribution to drug adsorption was also 
assessed by comparing the relative interaction free energies 
between neutral and charged molecules with P-gp during the 
last 10 ns of each simulation. In this case, since P-gp is a 
transmembrane protein, a correction to the polar solvation 
energy must be taken into account due to the presence of a 
membrane. To this matter, we applied an implicit membrane 
correction by generating ion-accessibility and dielectric maps 
incorporating the membrane environment, in which the 
dielectric slab constant is set to 2.0 by the draw_membrane2 
program (obtained from www.poissonboltzmann.org), to 
obtain the corrected polar solvation energies able to be used as 
input with g_mmpbsa104 tool available for GROMACS.  
 From the obtained energies by the above method (Figure 
S2), two distinct behaviours were observed. While non-

substrates interaction energies were similar within the group, 
for both substrates and modulators the interaction energy 
decreased almost linearly with increasing molecular size, in 
agreement other published reports.105,106 Thus, an efficiency 
index (EI) was calculated by dividing each interaction energy 
by the molecules' molecular weight (MW) to assess possible 
differences between charged and neutral molecules (Table 2). 

Table 2. Comparison between neutral and charged molecules on protein 
adsorption 

Efficiency Index (EI) 

non-substrates 
(charged) 

substrates 
(neutral) 

substrates 
(charged) 

modulators 
(neutral) 

modulators 
(charged) 

0.22±0.06 b 0.07±0.02 a 0.17±0.04 0.06±0.02 a 0.15±0.03 

Statistical significance was determined with t-Tests (a, p < 0.05 between 
charged and neutral molecules within the same class; b, p < 0.05 with all 
groups except charged substrates). 

 From Table 2, it is possible to conclude that charged 
molecules have higher efficiency indexes when compared 
with neutral ones, implying that electrostatic interactions, 
together with hydrogen bonding, are important for drug 
adsorption. 
 Based on the findings described above, small molecules' 
adsorption to the protein surface seem to be highly influenced 
by electrostatics and hydrogen bonding. Thus, hydrogen bond 
capability and electrostatics can be significant in defining the 
strength of the adsorption by increasing molecules' residence 
time at the protein surface, contributing this way for a greater 
stabilization of the ligand-protein complex. As many 
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molecules are found to be simultaneously adsorbed to the 
protein surface, changes on the mass/charge relation between 
NBDs may be susceptible to perturb the proteins residual 
motion patterns, as previously suggested by Äanismaa et 

al..103 
 Additionally, by generating spatial distribution maps, 
adsorption preferences on specific regions around nucleotide-
binding domains (NBDs) were also evaluated for all classes 
(Figure 2). 

 
Figure 2. Spatial distribution maps for the different classes. A. Front 

view; B, Back view. Isosurfaces represent a probability greater than 50% 
of molecules to be located in that particular region. Phosphate groups are 

also represented to assess lipid-water interface boundaries. 

 It is worth noticing that non-substrates are characterized by 
weak population densities around the protein, most of which 
located on coil motifs next to α-helix or β-sheet motifs (black 
arrows). All other classes show higher densities next to both 
NBDs, with substrates achieving higher densities next to β-
sheets and modulators around α-helices and coils. 
Interestingly, both substrates and modulators show increased 
densities around both TMD-NBD interfaces (pink arrows), 
next to intracellular helices (ICHs) thought to mediate the 

transmission to the transmembranar domains of 
conformational changes triggered by ATP binding/hydrolysis. 
Moreover, higher densities were also found for substrates and 

modulators at the lipid-water interface (blue arrow), next to 
one of the hypothetical 'entrance gate' located between TMDs 
4 and 6. 
 From the above spatial distribution maps, the adsorption of 
molecules to these specific locations may perturb the 
transmission of normal motions induced by ATP binding to the 
transmembranar domains (TMD-NBD interfaces) or may 
promote drug permeation into the membrane in order to be 
effluxed by P-gp (when at the lipid-water interface next to 
'entrance gates'). To our knowledge, only another study 
identified the TMD-NBD interface as a possible interaction 
region for substrates.107 In addition, these results are also in 
agreement with a recently published MD study108 and 
provides new insights on the different adsorption patterns 
between non-substrates, substrates and modulators. 
 Internal cavity volumes. In a previous paper we also 
demonstrated that a better helix repacking due to membrane 
and linker insertion were important for stabilizing the volume 
of the internal drug-binding pocket around 4000 Å³.25 As the 
above results indicate that drug adsorption occurs in specific 
locations that may affect residual motion patterns, to evaluate 
the impact that drug adsorption may have on helix repacking 
of the transmembrane domains we monitored the internal 
cavity volume throughout the simulation time (Figure 3) to 
allow a better comparison of the volume variations associated 
to each class. 

 
Figure 3. Normalized internal cavity volume distributions for the apo 

structure and the different classes. 

 In the presence of ATP, the volume distribution is almost 
identical to the values registered for the apo structure, 
supporting the fact that ATP adsorption either to the 
membrane or to the protein surface was not able to induce 
significant alterations in the TMD packing. However, with 
non-substrates the volume distribution is shifted to lower 
volumes (2100-4000 Å³) than the ones registered for the apo 

system (2900-5600 Å³). In this case, the number of molecules 
adsorbed to the lipid-water interface is higher than to the 
protein-water interface and the correspondent adsorption 
energies are also more favourable. In addition, the large 
majority of the adsorbed molecules are located below the 
choline moiety, next to the phosphate groups. This class has 
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protonated nitrogen atoms and a molecular weight below 400 
kDa that favours adsorption to the lipid bilayer. Therefore, for 
non-substrates, it seems that changes in the volume of the 
internal drug-binding pocket respond to modifications in 
membrane properties rather than protein motions.  
 Similarly, substrates and modulators also shift down 
volumes regarding the apo system, although in a lesser extent. 
However, they both narrow down the calculated volume 
distributions to values with maximum probabilities around 
3400-3500 Å³ (2700-4700 Å³ and 2900-4900 Å³ interval, 
respectively). Substrates and modulators seem to induce a 
more efficient TMD reorientation/repacking, which can be due 
to the previously reported interaction with the ICHs at the 
TMD-NBD interface and enhanced communication between 
both domains. As already suggested in a previous paper,38 
these data support the hypothesis that targeting the TMD-NBD 
interface with small molecules able to decouple TMD-NBD 
motions would affect the coordinated NBD-TMD motions the 
same way as mutations in the ICH do.109–111 

 Membrane biophysics. Since Rauch et al.27 suggested that 
mechanical alterations of the lipid bilayer may have a direct 
impact on P-gp efflux through a non-linear effect, the effect of 
drug adsorption on the biophysical properties of the 
membrane was also evaluated. However, no statistically 
relevant changes were found for standard properties like 
lateral diffusion, acyl chain order parameters and membrane 
densities (assessed by g_msd, g_order and g_density tools 
respectively). Hence, as drug adsorption to membranes are 
described to induce alterations in the area per lipid (AL) and 
membrane thickness (DHH), these properties were additionally 
calculated for each adsorbed molecule and the results are 
summarized in Figure 4. 

 
 

Figure 4. Area per lipid (∆AL ± SE) and thickness (∆DHH  ± SE) variations 
for each class. 

 We found that, although no correlation was found between 
changes in the total area per lipid and the number of adsorbed 
molecules, adsorbed molecules induce a decrease in AL values 
in a 3 nm radius around its geometrical center (Figures S31 to 
S33). To this matter, all classes decreased AL values similarly 
in both the inner (in a greater extent) and outer leaflets, with 
minimum values being registered for substrates with 53.2 Å² 
and 54.8 Å² for the lower and upper leaflets respectively. As 
neither charge nor molecular weight seem to affect drug 
adsorption to the lipid-water interface, the data corroborate 
the fact by which drug adsorption to membranes occur in a 
rather unspecific manner. However, the decrease of AL 

together with a slight increase in membrane thickness 
suggests that lipids become more tightly packed, similarly to 
what is observed in lipid-ordered domains where P-gp is 
found to be highly active.14,112–115 The ability of substrates and 
inhibitors to modify ATPase activity was proved to be higher 
in the liquid-ordered phase, with lipids tightly packed with 
cholesterol116 but still having lateral motility comparable to 
the liquid-crystalline phase.117 In addition, large 
transmembrane P-gp domains are also thought to mediate its 
association to lipid rafts and to enhance affinity towards 
cholesterol-enriched domains.118,119 Thus, if drug adsorption 
can assist, at least partially, in the formation of such liquid-
ordered domains, optimal P-gp activity would be 
promoted.114,120  
 As P-gp is a multi-helical transmembrane protein with large 
membrane-spawning domains, membrane deformation to 
accommodate hydrophobic mismatches is expected to occur. 
Yet, it is known that P-gp has a large destabilizing effect on 
the surrounding lipid environment up to 375±197 lipids, 
equivalent to a 15-20 nm radius around the protein.114,120 

Thus, instead of analysing the protein effect on membrane 
deformation, we used the Continuum-Molecular Dynamics 
(CTMD) approach to quantify energetic changes on the 
membrane biophysics due to drug adsorption.98 According to 
this method, the contributions of the membrane deformation 
energy penalty (∆Gdef) and residual hydrophobic exposure 
energy penalty (∆Gres) were calculated for all ligand systems 
(Figures S6-S17) and compared with the apo system (Figure 
5). 
 Quite surprisingly, only diphenhydramine (non-substrate) 
and kaempferide (modulator) increase the energy penalty due 
to membrane deformation (∆Gdef), which may contribute to a 
destabilizing effect of the transporter (Table 3). Interestingly, 
both systems were the only ones in which membrane 
permeation was observed. Thus, the increase of the ∆Gdef 
energetic penalty may be correlated with the fact that 
diphenhydramine and kaempferide were able to fully permeate 
into the membrane hydrophobic core and with the number of 
molecules (at least three) that entered the membrane. While 
other molecules as ranitidine (non-substrate), Rhodamine-
123, trimethoprim (substrates) and tariquidar (modulator) 
seem to have a minimal impact on membrane deformation, all 
the remaining molecules alleviate the hydrophobic mismatch, 
with values ranging from -1.44 kBT for verapamil up to -3.14 
kBT in Hoechst 33342 (both substrates).  

Table 3. Membrane deformation energy penalty (∆Gdef). 

Energetic Penalty (kBT) 

non-substrates alprenolol 
diphenydramine 

ranitidine 

-1.86 
1.77 
-1.00 

substrates colchicine 
Hoechst 33342 
Rhodamine-123 

trimethoprim 
verapamil 

-2.09 
-3.14 
-0.03 
-0.70 
-1.44 

modulators latilagascene D 
kaempferide 

tariquidar 

-2.15 
2.09 
-0.05 
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 These results, along with the result obtained from AL and 
DHH, reinforces the fact that by inducing a more ordered state 
the energy penalty associated with membrane deformation 
decreases due to a better compensation of hydrophobic 
mismatches. Therefore, drug adsorption to the lipid-water 
interface may assist the formation of such domains, with 
implications on the efflux activity of the transporter.  
 In addition to the above described effect, drug adsorption to 
either protein-water and lipid-water interface may also 
contribute to change not only the pattern of membrane 
deformation but also the residual hydrophobic exposure of 
residues located at the end of each transmembrane domains. 
Similar to the results reported for rhodopsin and 5-HT2A 
receptors,98,121 P-gp also reveal radially asymmetric 
deformations around each TMD (Figures S18-S29). Regarding 
hydrophobic residue exposure, a striking difference emerges 
between classes. While ATP seem to asymmetrically change 
the hydrophobic exposure of both N-terminal and C-terminal 
domains, both non-substrates and modulators seem to 
stabilize the protein by reducing the energetic penalty in both 
halves. However, this effect is much more pronounced in 
TMD1 for non-substrates whereas in modulators the same 
effect is similarly distributed by all transmembranar helices. 
Interestingly, substrates do not show this behaviour, having a 
negligible effect on all transmembranar domains except TM 
helices 1 (decreasing exposure) and 9 (increasing exposure). 
 

 
 

Figure 5. Changes in the residual hydrophobic exposure energy penalty 
(∆∆Gres) for each class compared with the apo system (under parenthesis 

in kBT units). TMD1, N-terminal transmembrane domain; TMD2, C-
terminal transmembrane domain. Residue exposure for helix 6 in TMD1 

was unable to be determined (no exposed residues to the bilayer). 

 The above data support the fact that mechanical alterations 
can indeed be induced by drug adsorption to the lipid bilayer 
interface (with or without permeation) but also to the 
cytoplasmic domains of P-gp.  
 Nonetheless, such changes heavily depend on the physico-
chemical characteristics of molecules, lipid composition and 
number of adsorbed molecules. Moreover, it is not totally 
clear if the observed membrane changes are due solely to drug 
adsorption at the lipid-water interface or if drug adsorption at 
the protein-water interface also contributes for changes in the 
bilayer. 

Conclusions 

 In the last decade, many experimental and theoretical 
studies identified the transporter-membrane as functional unit 

and essential for efflux to occur.24,122-124 More recently, Rauch 
et al.27 proposed that upon drug binding mechanical 
alterations in the lipid bilayer are directly responsible for 
alterations in drug efflux, with such changes linked to 
physico-chemical properties and external concentration of the 
drug. 
 In this paper, using the calculated free energies of 
adsorption of several molecules towards the protein and lipid 
bilayer, it was possible to determine that molecules belonging 
to the modulators group are characterized by lower adsorption 
energies towards nucleotide-binding domains of P-gp and 
lipid bilayer. When compared with non-substrates and 

substrates, this difference was calculated to be statistically 
significant for protein adsorption. Moreover, in some cases' 
lipid adsorption was found to be transitory, with the molecule 
only becoming adsorbed at higher simulation times. Smaller 
molecules as diphenhydramine and kaempferide were also 
found to spontaneously diffuse into the membrane, eventually 
flip-flopping from one leaflet to the other (as observed for 
kaempferide). 
 Protein-ligand interactions identified polar residues with 
the ability to induce the formation of hydrogen bond networks 
or to participate in electrostatic interactions as the most 
important factors for drug adsorption. The average contact 
number per time unit increases in the following order: non-

substrates, substrates and modulators, with amino acids 
containing longer sidechains like lysine, glutamine or 
glutamate (-CH2-CH2-) being favoured in the interaction with 
all classes, probably due to CH-π interactions with aromatic 
rings. Since charged residues as glutamic and aspartic acid 
(negatively charged) and lysine or arginine (positively 
charged) residues are also involved in drug adsorption at the 
NBDs surface, the estimation of molecules' interaction free 
energies by the MM/PBSA method allowed to conclude that 
electrostatics, along with hydrogen bonding, play a role for 
molecule adsorption to the protein surface. 
 Our study shows differences in density distribution of 
molecules around the cytoplasmic NBDs, with lower 
population densities for non-substrates when compared with 
the remaining classes. In the latter, while substrates show 
higher densities around β-sheet motifs, modulators revealed 

higher densities in both α-helices and coil motifs. However, 
both classes revealed higher spatial distributions in locations 
around the TMD-NBD interfaces and at the lipid interface 
next to the 'entrance gate' located between TM helices 4 and 6. 
If adsorbed to this particular regions, especially at the TMD-
NBD interface, normal motion patterns are expected to change 
due to alterations in how coordinated motion following ATP 
binding are transmitted to the transmembrane domains. 
 As the drug-binding site is located in a cavity limited by the 
membrane-spawning domains, the volume of the internal 
cavity was also calculated as a function of time. Surprisingly, 
we found that while ATP adsorption have a negligible effect 
on the volume probability distribution, molecules from the 
non-substrates class shifts volume distribution of the internal 
cavity toward lower values. For substrates and modulators, 
however, this distribution is narrower and steeper when 
compared with the apo system. This suggests that substrates 
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and modulators have a distinct effect on the efflux process 
when compared with non-substrates. Moreover, as both 
substrates and modulators adsorbed to the TMD-NBD 
interface while non-substrates do not, such changes in the 
internal drug-binding pocket volume probably arose from 
changes in how the NBDs normal motion patterns are 
transmitted to the transmembranar domains (as suggested 
above). However, the specific mode of action describing how 
substrates and modulators can affect the TMD/NBD 
communication still needs to be further investigated.  
 On the other hand, molecule adsorption to the lipid bilayer 
is also expected to change the biophysical behaviour of the 
membrane through a nonlinear effect.27 For small molecules 
having hydrogen-bond acceptor and donor capability, as 
colchicine, kaempferide or trimethoprim, simultaneous 
interactions with multiple phospholipids are expected to 
decrease membrane fluidity, as also described in another 
study.125 

 Several experimental studies suggested that higher lipid 
packing within membranes provide optimal P-gp efflux 
activity.114,120 Moreover, it is also known that P-gp rearranges 
the surrounding lipid environment up to a 15-20 nm radius.120 
Herein, all molecules induced a decrease in the calculated area 
per lipid (AL) in both leaflets, additionally increasing 
membrane thickness (DHH) in a lesser extent, which suggests 
the formation of more liquid-ordered patches around P-gp. 
Thus, these combined effects would further increase the 
formation of liquid-ordered domains around P-gp, stimulating 
the efflux activity proportionally to the number of adsorbed 
molecules. 
 Another approach for multi-helical transmembrane protein 
relies on the evaluation of the quantification of membrane 
energetic changes due to drug adsorption. By means of CTMD 
approach, we verified that only molecules that are able to 
diffuse into the hydrophobic core of the membrane increase 
the energetic penalty due to membrane deformation (∆Gdef), 
while molecules as colchicine, Hoechst 33342 and verapamil 
(substrates) seem to decrease it. Moreover, substrates also 
seem to have a minimal impact on the calculated hydrophobic 
residue exposure energy penalty (∆Gres) whereas non-

substrates and modulators seem to have a stabilizing effect by 
decreasing the energetic penalty (∆∆Gres). 
 It should be noted that classical force fields show some 
limitations in the evaluation of drug-membrane interactions. 
For instance, cation-π interactions due to monopole 
electrostatics based on atomic partial charges cannot be fully 
described. However, force fields with multipole representation 
of electrostatics are very time-consuming and a cost-benefit 
should be weighted while using big biological systems as the 
ones herein described. Nonetheless, force fields with 
monopole electrostatics are central in exploring a problem and 
provide a useful framework for hypothesis generation and 
testing, regardless of the level of atomic resolution.126 For 
more accurate predictions, multipole corrections should be 
applied to classical force fields127,128 in order to assess 
particular details of the systems. Alternatively, force fields 
incorporating multipole electrostatic models that includes 
polarizability such as AMOEBA129,130 can also be used for the 

prediction of such thermodynamic properties. 
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