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ABSTRACT: P-Glycoprotein (P-gp) is a plasma membrane efflux pump
that is commonly associated with therapy resistances in cancers and
infectious diseases. P-gp can lower the intracellular concentrations of
many drugs to subtherapeutic levels by translocating them out of the cell.
Because of the broad range of substrates transported by P-gp,
overexpression of P-gp causes multidrug resistance. We reported
previously on dynamic transitions of P-gp as it moved through
conformations based on crystal structures of homologous ABCBI
proteins using in silico targeted molecular dynamics techniques. We
expanded these studies here by docking transport substrates to drug
binding sites of P-gp in conformations open to the cytoplasm, followed by
cycling the pump through conformations that opened to the extracellular
space. We observed reproducible transport of two substrates, daunor-
ubicin and verapamil, by an average of 11—12 A through the plane of the

membrane as P-gp progressed through a catalytic cycle. Methylpyrophosphate, a ligand that should not be transported by P-gp,
did not show this movement through P-gp. Drug binding to either of two subsites on P-gp appeared to determine the initial
pathway used for drug movement through the membrane. The specific side-chain interactions with drugs within each pathway
seemed to be, at least in part, stochastic. The docking and transport properties of a P-gp inhibitor, tariquidar, were also studied. A
mechanism of inhibition by tariquidar that involves stabilization of an outward open conformation with tariquidar bound in
intracellular loops or at the drug binding domain of P-gp is presented.

he mammalian ATP binding cassette transporter, P-

glycoprotein (P-gp), is present in many tissues' and helps
in detoxifying cells by pumping xenobiotics across the plasma
membrane.” P-gp is able to bind and transport a diverse range
of cationic amphipathic molecules ranging in size from 100 to
4000 Da.®> This broad transport substrate spectrum is used to
remove cytotoxic compounds from cells of the intestinal
epithelium, adrenal glands, placenta, the brush border of the
renal tubule, the canalicular membrane of hepatocytes,
pancreatic ductile cells, and capillary endothelial cells of the
brain and testes.” Because of this broad range of substrates, P-
gp is associated with multidrug resistance (MDR) in the
chemotherapies of many types of cancers,”® has been
implicated in Alzheimer’s disease,”'® and has proven to be
problematic in the management of HIV/AIDS."' P-gp is an
~170 kDa protein consisting of two pseudosymmetrical halves,
each containing a nucleotide binding domain (NBD) and a
transmembrane domain (TMD)."> It has been hypothesized
that ABC-transporter proteins undergo large conformational
changes powered by the binding and hydrolysis of ATP and
that these changes alter the transmembrane domains from
“open to the cytoplasm” (inward-facing) to “open to the
extracellular space” (outward-facing) conformations (see, for
example, refs 13—21). These conformational changes are
thought to allow the movement of substrates across the
membrane from the cytoplasmic to the extracellular phospho-
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lipid leaflets,"** ultimately resulting in the dissociation of the
substrates from the extracellular membrane leaflet into the
extracellular space. It is not clear whether such active transport
involves driving the substance toward the external space or
whether the rearrangement of transmembrane helices simply
alters access from the cytoplasmic to the extracellular space. In
either case, the removal of cytotoxins by P-gp from the
cytoplasm of cells has been suggested to be an important
molecular mechanism of multidrug resistance.”>** The inward-
facing structures of P-gp from mouse,”>*®  Caenorhabditis
elegans,”” and some bacterial homologues'® have fully
disengaged NBDs with the transmembrane drug binding
domains (DBDs) open to the inside of the cell. These open
inside conformations of P-gp have been demonstrated to be
remarkably flexible.”® The highest-resolution X-ray structural
models of ABCBI transporters were obtained from a multidru
resistance pump from the bacterium Staphylococcus aureus,””
a prokaryotic homologue that shares some drug transport
substrates, pumping activities, and inhibitors with P-gp.** The
S. aureus structures exhibit fully engaged NBDs with
nucleotides bound and DBDs that are open to the outside.”>*’
We previously reported the simulation of conformational
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changes in models of human P-gp as the transporter undergoes
a transition though a putative catalytic cycle.>’ We used
targeted molecular dynamics techniques®>~>° and structures of
human P-gp homologues that had drug binding domains
positioned “wide open” to the cytoplasm (mouse 3G60
structure,®® no nucleotides bound), “partially open” to the
cytoplasm (Vibrio cholerae 3BSX structure,”” no nucleotides
bound), “open” to the extracellular space (S. aureus SAV1866
2HYD structure, ADP bound to the nucleotide binding sites®?),
and “wide open” to the extracellular space (Salmonella
typhimurium MsbA structure 3BSZ with an ADP-vanadate
transition-state analogue bound at the nucleotide binding
site'”) to simulate the conformational transitions of P-gp during
a putative catalytic cycle.>’ These dynamic models of P-gp
proved to be useful in the identification of several novel
inhibitors of the transporter that target its nucleotide binding
domains.*” In more recent work from our lab using these
targeted molecular dynamics techniques, corrected versions of
the mouse structures as reported in refs 25 and 26 and new
structures of eukaryotic P-gp from C. elegans’” have been
employed. In a recent report™ using TMD techniques that
were similar to those reported previously by us®' drug
transport simulations were attempted. These simulations,
however, did not show significant movement of transport
substrates through P-gp.*®

In the work reported here, an in-depth look at the movement
of two transport substrates through P-gp from one side of the
membrane to the other was investigated during targeted
molecular dynamics simulations of putative transport cycles as
developed previously.’ We used the chemotherapeutic
daunorubicin, a known transport substrate of P-gp, and the
antihypertensive agent verapamil, a known modulator of P-gp-
conferred multidrug resistances of cancers,””™*' in these
simulations. The simulation experiments were replicated six
times each. We observed large transport substrate movements
from cytoplasmic to extracellular positions in all of the
simulations in which daunorubicin and verapamil were used.
To simulate the conformational changes of P-gp during a
catalytic cycle, forces were applied to selected Ca atoms of the
protein to induce the targeted changes in the P-gp structures.
No forces were directed at the transport ligands other than
those applied by the moving protein. The conformational
changes were chosen so P-gp would force the drug binding sites
to undergo transitions from wide open to the cytoplasm to
wide open to the extracellular space. These studies have
allowed the investigation of protein-driven movement of
transport substrates through the membrane. In additional
experiments, we also examined the behavior of a potent
inhibitor of P-gp, tariquidar.**

The simulations presented here show that transport
substrates docked into different initial binding sites within the
cytoplasmic leaflet of the drug binding domains of P-gp were
transported through the membrane as P-gp underwent a
transition from inside open to outside open conformations.
Repeated simulations with these transport substrates revealed
associations with different parts of the membrane-embedded
transmembrane helices of P-gp. The results suggest that once
bound, movement of substrates through P-gp occurs through at
least two general pathways via stochastic mechanisms.

B MATERIALS AND METHODS

Materials. The Visual Molecular Dynamics program suite
(VMD)*® was extensively used in this work. Molecular
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dynamics experiments were performed with NAMD version
2.9* using the CHARMM?27 force field.*> AutoDock 4.2* was
used for initial docking of transport ligands to the drug binding
domains of P-gp. Computational resources of the SMU Center
for Scientific Computation were used.

Ligand Docking to P-gp. Prior to the start of molecular
dynamics simulations, AutoDock 4.2*° or AutoDock Vina*” was
used to dock daunorubicin or verapamil using a human P-gp
structure equivalent to the mouse 4KSB crystal structure™ as
described previously.>" Ligand interactions were limited to the
cytoplasmic extensions of the transmembrane helices and
transmembrane sections of P-gp. Binding of ligand to NBDs
was not investigated. For AutoDock 4.2 experiments, grids were
calculated using 0.375 A spacing in a 126 A’ cube. For each
ligand, 100 genetic algorithm experiments were performed
using 3000000 energy evaluations, a population size of 300, and
27000 generations. The ligand docking positions resulting from
these experiments were ranked by predicted affinities. The
conformational pose of the ligand that was predicted to have
the highest affinity was used as a starting point in the molecular
dynamics simulations, except where indicated in the text. For
AutoDock Vina experiments, 300 replicates (exhaustiveness of
300) were performed using a cube having lengths of 56 A per
side, unless otherwise noted.

Molecular Dynamics Simulations. Daunorubicin and
verapamil were parametrized as previously described by us for
other nonstandard molecules.*® Equilibrium geometries were
obtained from ab initio quantum mechanical simulations using
GAMESS and an unrestricted Hartree—Fock 6-31 basis set.*
Parameter and topology files were created using these data and
as described in ref 50. We also used the antechamber module®’
from the AMBERI4 suite of programs>> together with the
general AMBER force field® and the AMI-BCC charge
estimation methods>*>® to parametrize daunorubicin, verapa-
mil, and tariquidar. To test the influence of the parametrization
methods used on the results of the simulations, results using the
AMBER-produced parameters for molecular dynamics simu-
lations of verapamil were compared to those produced by the
methods of Fajer and co-workers™ in experiments that were
otherwise identical to those shown in Figure 3A (see below).
No significant difference in the behavior of the verapamil
parametrized using the AMBER General Force Field for
organic molecules (version 1.7, November 2013) compared to
verapamil parametrized with GAMESS as described in ref 50
was observed (data not shown).

Models for human P-glycoprotein inserted into a POPC
phospholipid bilayer, and including nucleotides, Mg** ions, Na*
and CI™ counterions, and water, were created as described
previously.>® Molecular dynamics (MD) simulations were
performed with constant temperature and pressure (NPT
ensemble) in a periodic cell using Langevin temperature and
pressure control, as well as particle-mesh Ewald electrostatics
calculations at 310 K. Targeted molecular dynamics (TMD)
simulations**>” on P-gp were performed using target
coordinates derived from mouse Pgp>® [Protein Data Bank
(PDB) entry 4KSB)] the Sav1866 transporter (PDB entry
2HYD),*” and MsbA structures 3B5X and 3BSZ'? as previously
described.®! Briefly, the target structures were aligned using
STAMP®® as implemented in the Multiple Alignment™ module
of VMD,* and the coordinates of homologous Ca atoms for
each structure were used as target coordinates of the respective
Ca atoms of the human P-gp model. TMD was performed with
each target in sequential simulations. Forces were applied using
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tcl scripts in NAMD to the selected Car atoms of the human P-
gp model to gently move the atoms toward the respective target
coordinates. The magnitudes of these forces were calculated to
be inversely proportional to the rmsd of the distances
separating the selected Ca atoms and the target coordinates.
The final systems used in TMD simulations shown in Figure 1
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Figure 1. Human P-glycoprotein conformations extracted at the start
and end of targeted molecular dynamics simulations. Human P-gp
model structures are shown at the beginning of the targeted molecular
dynamics simulations (left) and at the end of the TMD simulations
(right). The right-hand structure shows the protein rotated about the
Y-axis by 90° to better visualize the opening of the transmembrane
helices to the outside. Human P-gp was pushed to each structure in
TMD simulations as described in ref 31 and Materials and Methods.
The structures shown have calculated rmsd values for targeted Cor
atoms of human P-gp to target structures of <03 A. The target
structure at the beginning of the simulations was mouse P-gp
(4KSB),*® and the ending target structure was the transition-state
MsbA structure (3B5Z)."” The beginning structure (left) has the drug
binding sites wide open to the cytoplasm (top of the membrane) and
disengaged nucleotide binding domains. The ending structure has fully
engaged nucleotide binding domains with the drug binding domain
wide open to the extracellular space (below the membrane). Verapamil
(blue space filling representations) and daunorubicin (red space filling
representations) are shown at their highest-affinity binding sites in the
starting structure and what may be the release sites in the ending
structure. Starting positions for the transport substrates were
determined by docking experiments (Materials and Methods). The
N-terminal half of the protein is shown in both ribbon and surface
representations (blue), while the C-terminal half of the transporter is
colored gold. The black bar shows the direction of the Z-axis of the
system and measures approximately 150 A.

(0]

contained 157540 atoms for P-gp with bound verapamil and
157518 atoms for the system with daunorubicin bound to P-gp.
In control experiments, a ligand that should not be transported
by P-gp, the methyl ester of pyrophosphate (CH;O,P,), was
added to P-gp in the same location where verapamil had
docked in experiments as described above. The methylpyr-
ophosphate system had 157482 total atoms. Experiments with
tariquidar had a similar number of atoms. Each ligand-bound
system was minimized, heated, and equilibrated for 2 ns before
the targeted molecular dynamics scripts were initiated.
Analyses of the overall movement of verapamil, daunor-
ubicin, methylpyrophosphate, or tariquidar during each
simulation were made by calculating the centers of mass of
the ligands over the course of the simulations using tcl
programming scripts in VMD. Analyses of the interactions of
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individual transmembrane helices with each of the transport
substrates and the negative control over the course of several
simulations were also accomplished with the help of tcl scripts
and VMD. Briefly, at equal intervals throughout a complete
simulation, the numbers of contacts between the substrate and
protein were determined for each transmembrane helix as well
as any contacts outside of the transmembrane regions. The
results were summed for each simulation frame analyzed and
plotted in three-dimensional plots for each helix versus values
of the progress of the simulation. Data for determining whether
these interactions between transport substrate and protein were
mediated by nonpolar, aromatic, polar, acidic, or basic amino
acids were also collected. Results are reported either for
individual simulations or the averages of all contacts for each
drug at equivalent stages of simulation.

B RESULTS

Molecular Simulations of the Conformational
Changes in Human P-Glycoprotein during a Transport
Cycle. This work builds on our previous work that aimed to
understand the catalytic transitions that P-gp undergoes during
a putative transport cycle. To simulate the actual molecular
transport, we added transport substrates into the drug binding
domain (DBD) of P-gp by ligand docking methods and then
simulated the transport cycle using targeted molecular
dynamics (TMD) simulation techniques. We reasoned that if
the putative catalytic transitions presented previously®' were
relevant approximations of the normally occurring P-gp-
catalyzed drug transport, then freely mobile, completely
unrestrained ligands known to be transport substrates of P-gp
should move from the cytoplasmic side of the membrane to the
extracellular side of the membrane during the course of the
simulations. Minimally, if the conformational changes shown
previously®' were relevant to P-gp drug transport, the ligands
should at the very least gain access to the extracellular
membrane leaflet.

To detect possible effects on ligands bound to the drug
binding sites of P-gp, we first performed TMD experiments
with either daunorubicin or verapamil bound to the transporter.
These ligands are known to be transported by P-gp.°®!
Daunorubicin or verapamil was docked in separate experiments
to models of human P-gp in the starting conformation (with
drug binding domains wide open to the cytoplasmic side of the
membrane, corresponding to the mouse 4KSB structure).
Figure 1 (left panel) shows a composite figure of the two
transport ligands on a single protein (verapamil colored blue
and daunorubicin red). It is interesting that the predicted
highest-affinity docking poses for daunorubicin and verapamil
had the substrates bound to opposite sides of this open to the
cytoplasm conformation of P-gp.

Figure 2 shows a close-up of the initial starting positions of
daunorubicin (left) and verapamil (right) in the two drug
binding subsites of P-glycoprotein that are equivalent to the
poses shown in the composite depiction of Figure 1 (left).
While the predictive ability of docking tools is limited,
especially for large search areas, docking was used as a way
to generate a plausible starting point for molecular dynamics
simulations. After docking and assembly of a complete system,
including P-gp, lipids, water, and ions, the docking poses for
each ligand were allowed to relax in molecular dynamics
simulations after being brought to 310 K. This relaxation of the
docking poses varied the starting positions of verapamil and
daunorubicin before the targeted molecular dynamics simu-
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Figure 2. Structures of human P-glycoprotein with daunorubicin and verapamil bound. P-gp is colored cyan with the labeled a-helices drawn in
cartoon representation. The amino acid side chains within 3 A of daunorubicin (left) and verapamil (right) are drawn as sticks and are labeled.
Daunorubicin and verapamil are shown as green sticks. Linear depth cueing is implemented in these figures.

lations were initiated (see below). Quantification of the
resultant variation in initial ligand positions before the start
of targeted molecular dynamics simulations for the six
independent equilibrations per ligand showed rmsd values
relative to the initial docking position of 3.2 + 0.4 A with a
range of 2.6—3.8 A for daunorubicin and 4.9 + 1.0 A with a
range of 3.9—6.7 A for verapamil. Figure 2 shows unique
interactions of each drug in its different subsite on P-gp. While
daunorubicin interacted with transmembrane helices (TMs) 1—
3, 6, and 11, verapamil predominantly interacted with TMs 4—8
and 12. Table 1 of the Supporting Information identifies the
amino acid residues and the corresponding transmembrane
helices that were found to be within 4.5 A of the highest-affinity
docking poses of verapamil and daunorubicin in this initial
conformation of the transporter after the docked ligands were
allowed to relax in the equilibration phase of the MD
simulations. Table 1 of the Supporting Information also pomts
out residues that have been experimentally identified****~% o

computationally identified” to be part of the drug binding sites
of P-gp. Each drug binding subsite had a variety of interactions
with different types of amino acid residues, but as expected,
nonpolar and aromatic interactions dominated both the
daunorubicin and the verapamil binding sites. Also of interest
in Figure 2 are the polar interactions of P-gp with the polar
portions of daunorubicin. Verapamil has a computed octanol/
water partition coefficient (xlogP3) of 3.8 and is much less
polar than daunorubicin (xlogP3 of 1.8; both values were
obtained from the NCBI PubChem database). It therefore
seems reasonable that verapamil interacted mainly with
nonpolar and aromatic residues of P-gp with only an occasional
polar contact, while daunorubicin displayed more frequent
interactions with polar and even charged residues (Table 1 of
the Supporting Information). Daunorubicin was observed in a
few instances to contact residues outside of the TM region of
P-gp (residues 875—879) during molecular dynamics, but it
should be noted that all of these contacts were less than
approximately one helical turn toward the cytosolic side of

TM10. The initial docking modes for both daunorubicin and
verapamil seemed to be reasonable starting points for the TMD
simulations.

Movement of Daunorubicin and Verapamil through
P-Glycoprotein. During the targeted molecular dynamics
simulations presented here, small forces were applied to a set of
selected Car atoms of P-gp as described in ref 31and Materials
and Methods. The applied forces were recalculated during each
step of the simulations to direct protein movements toward the
respective target Ca coordinates. These TMD techniques
allowed us to continuously simulate the movement of P-gp
domains starting from conformations that had the DBD wide
open to the cytoplasm (4KSB) to conformations with the DBD
slightly opened to the cytoplasm and NBDs partially engaged
(3BSX target), to those with fully engaged NBDs and DBD
opened to the exterior (2HYD target), and to a final
conformation with NBDs in an ATP hydrolysis transition
state where the DBDs are fully opened to the extracellular space
(3BSZ target). All conformational transitions were calculated in
an explicit, fully hydrated system that contained a combined
aqueous and membrane environment. Figure 1 shows a
composite structure of P-gp with both daunorubicin and
verapamil at the starting conformations (left panel) and ending
conformations (right panel) from two independent simulations.
Figure 1 of the Supporting Information shows snapshots of
human P-gp in conformations that have Ca atoms within 0.25
A rmsd of the four respective targets. Figures 2 and 3 of the
Supporting Information show video representations of the
simulated trajectories of two of the simulations reported here
for daunorubicin and verapamil, respectively.

When TMD simulations were performed starting with
daunorubicin bound at the drug binding domain of P-gp in
the wide open to the cytoplasm conformation (as shown in
Figure 1, left, and Figure 2), vectorial movement of the bound
ligand perpendicular through the plane of the membrane in the
direction of the extracellular space was observed in each
simulation. Figure 3A (lll) shows the average positions of the
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Figure 3. Movement of daunorubicin and verapamil though P-glycoprotein. (A) The center of mass of daunorubicin, verapamil, or
methylpyrophosphate was calculated for each step of the simulation relative to the distance from their respective starting locations. The first quarter
of the graphs represents unconstrained molecular dynamics before the application of the targeted forces. The remaining data represent the
movements between targeted structures achieved by TMD techniques. The structures were oriented with the plane of the membrane in the X- and
Y-directions, so that movement through the membrane is oriented on the Z-axis. Movement toward the extracellular space is represented by negative
directions on the Z-axes, while movement toward the cytoplasm is represented by positive Z-axis directions. Distances are presented in angstroms
and show the movement of the centers of mass of the ligands on the Z-axis. Six simulations each were performed for daunorubicin (squares),
verapamil (triangles), or methylpyrophosphate (circles). The average movements of the centers of mass of each ligand are presented. Error bars
represent one standard error of the mean. Movement through the membrane toward the extracellular space is equivalent to movement from positive
values to negative values in these plots. (B) Same as panel A except that results for the six individual daunorubicin simulations are presented. (C)
Same as panel B except that individual results for verapamil are shown. (D) Same as panel B except that individual results for methylpyrophosphate
are shown.

calculated center of mass of daunorubicin that were plotted movement of daunorubicin along the Z-axes were observed
over the progress of six independent simulation experiments. during the six simulations (Figure 3B, comparing each
The error bars represent the standard error of the mean individual simulation of daunorubicin transport). This variation
between each of the simulations. In these experiments, the P- in vectorial transport is reflected in the standard errors of the
glycoprotein—membrane bilayer system was oriented such that mean shown in Figure 3A. Figure 1 (right panel) presents a
the plane of the membrane was in the X—Y coordinate plane. composite image of human P-gp at the end of the targeted
The movement of ligand from one side of the membrane to the molecular dynamics simulations performed here.
other could therefore be indicated as a vectorial movement on Similar to the experiments shown for daunorubicin, targeted
the Z-axes of the systems. As a reference, the black bar in Figure molecular dynamics simulations of verapamil docked to the
1 shows the direction of the Z-axis relative to the membrane drug binding sites in an open to the cytosol conformation of P-
and transporter. In each simulation of daunorubicin bound to gp showed significant movement of the ligand from the
P-gp, a vectorial movement of the drug along the Z-axes from cytoplasmic side of the membrane to the external side of the
the inside surface of the membrane to the outside surface of the membrane. Figure 3A (M) presents the average position of the
membrane was observed (Figure 3A,B). In these experiments, center of mass of verapamil that was obtained from six
daunorubicin moved an average of approximately 11 A from the independent simulation experiments. Results from each
cytoplasmic side to the external side of P-gp. Interestingly, individual simulation for verapamil are shown in Figure 3C.
variations in both the timing and the extent of vectorial Again, as for daunorubicin, no external forces were applied to
4378 DOI: 10.1021/acs.biochem.5b00018
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Figure 4. Movement of tariquidar when bound to P-glycoprotein. Tariquidar was docked to P-glycoprotein as described in Materials and Methods
and Results and was found to preferentially bind to three different sites within P-gp. Panel A shows the three tariquidar docking sites in van der
Waals spheres with site 1 colored yellow, site 2 purple, and site 3 red. Targeted molecular dynamics simulations were performed with tariquidar
bound at each of these sites (sites 1—3, with six replicate simulations for each site), and the average movement of the center of mass of tariquidar is
shown in panel B. Movement was calculated as described in the legend of Figure 3. Error bars represent one standard error of the mean. Panel C
shows the positions of tariquidar at the end of representative simulations with the same color coding as in panel A.

the transport substrate in these simulations, yet a net vectorial
movement of verapamil through the plane of the membrane
averaging ~12 A was observed. As described for the
daunorubicin simulations, variations in the extent and timing
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of the movements of verapamil were observed (Figure 3C),
which was reflected in the errors of the mean as shown in
Figure 3A. The variations in the movement of verapamil
observed in these simulations were greater than those observed
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for daunorubicin. It should be noted, however, that verapamil is
a much more flexible ligand than is the rather rigid four-ring
system of the anthracycline, daunorubicin. This increased
flexibility of verapamil may have led to a wider variation in its
measured center of mass as compared to that of daunorubicin.

Despite the variations observed in the timing and to some
degree the extent of movement of the drugs through P-gp, each
simulation resulted in a net vectorial transport of either
daunorubicin or verapamil through the plane of the membrane
(compare the left and right panels of Figure 1). The centers of
mass of daunorubicin in these simulations were observed to
move between 6 and 14 A toward the external space, while the
centers of mass of verapamil were observed to move between 8
A and nearly 20 A toward the outside (Figure 3B,C).

It was also of interest to us to determine whether transport of
daunorubicin would occur when the substrate was bound in a
nonoptimal docking position. To this aim, we chose a less
preferred docking position for daunorubicin that was in the
preferred verapamil docking site. The starting position of
daunorubicin in these simulations was one of the top nine
poses found in our docking experiments. The ligand in these
simulations was not observed to strongly associate with any one
residue and did not move toward its preferred docking position.
The results of six TMD simulations performed with
daunorubicin at the preferred verapamil docking site showed
that daunorubicin moved an average of 13 A through P-gp
(Figure 4 of the Supporting Information).

Placing verapamil at the preferred daunorubicin docking site
was more problematic, because verapamil was not found in any
of the best nine docking poses in this position. We therefore
performed new docking experiments with a restricted target
box at the preferred daunorubicin docking site to restrict
verapamil to this starting location. The estimated binding
energy for this interaction for verapamil was —6.2 kcal/mol
compared to —7.4 kcal/mol for daunorubicin at this site.
Results of the six simulations we performed with verapamil
starting at the preferred daunorubicin site were mixed. While an
average movement of 4.5 A toward the extracellular space was
observed (Figure 4 of the Supporting Information), unlike with
daunorubicin, two of the simulations showed <3 A movement
through the membrane and one simulation showed verapamil
moving 4 A from the extracellular space. The three other
simulations showed movement of verapamil that was
comparable to that observed when it started from its preferred
docking position, moving between 7 and 11 A toward the
extracellular space (Figure 4 of the Supporting Information).

Overall, these latter experiments with daunorubicin or
verapamil placed in nonoptimal positions within P-gp
demonstrated that both of the transport substrates could be
moved toward the extracellular space during the TMD-
simulated catalytic cycles.

Movement of a Pyrophosphate Methyl Ester Out of
the Drug Binding Sites of P-Glycoprotein and into the
Cytoplasm. To test whether transport would be observed with
a compound that clearly does not have the attributes of a good
P-gp transport substrate, we placed a negatively charged,
hydrophilic substance (pyrophosphate methyl ester) at the
initial starting position of verapamil and performed simulations
as described above. In these simulations, an entirely different
behavior was observed when P-gp underwent the transition
through the catalytic conformational changes. Pyrophosphate
methyl ester does not fall into the category of compounds
normally transported by P-gp, which are mostly hydrophobic
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molecules or hydrophobic cations.® Figure 3A (4p) shows the
average position of methylpyrophosphate in six independent
TMD simulations as P-gp moved from open to the inside to
open to the outside conformation. As shown in Figure 3A,
methylpyrophosphate immediately moved away from the drug
binding sites of P-glycoprotein and away from the hydrophobic
core of the phospholipid bilayer toward the cytoplasm during
the simulations. A total of six such simulations were calculated
for methylpyrophosphate, and each simulation (Figure 3D)
showed this immediate movement of the polyanion into the
cytoplasmic space.

Movement of Tariquidar, a P-Glycoprotein Inhibitor,
during a Simulated Transport Cycle. In further experi-
ments aimed at elucidating important ligand interactions that
may occur during simulated transport cycles, we investigated a
known inhibitor of P-glycoprotein, tariquidar.® In three
different docking studies using tariquidar, we identified three
separately located sites on P-gp that had high estimated ligand
binding energies as calculated by AutoDock Vina (Figure 4).
The highest-affinity tariquidar docking site (site 1 of Figure 4)
was found using all of P-gp except the nucleotide binding
domains as a docking target. The best docked example (from
300 replicates) had an estimated binding energy of —10.1 kcal/
mol and was located in the intracellular loop (ICL) regions on
TM4 and TM9 (see Table 2 of the Supporting Information for
residues). For comparison, daunorubicin and verapamil docking
at preferred sites within the drug binding domains had
estimated binding energies of —7.6 and 7.4 kcal/mol,
respectively. A second docking experiment targeted tariquidar
to the entire drug binding domain but did not include the ICL
regions of P-gp. The best example from this experiment (also
300 replicates) is shown in Figure 4 as site 2. This site was
located at the level of the cytoplasmic leaflet in the drug
binding sites and had an estimated binding energy of —9.1 kcal/
mol. To also explore the drug binding site described in ref 71, a
docking experiment was initiated that limited interactions to
this area of the P-gp drug binding domain. These experiments
resulted in the docking of tariquidar with an estimated affinity
of —8.4 kcal/mol (site 3 in Figure 4).

The results of TMD simulations of transport cycles with
these three tariquidar starting positions are presented in Figure
4. Figure 4B shows the average movement of the center of mass
of tariquidar for all six replicates with one standard error of the
mean represented by the error bars. Figure 4B (lll) shows the
movement of tariquidar when starting at the preferred docking
site 1. Very little movement of tariquidar toward the
extracellular space was observed from this starting position
(~3.8 A). It is also important to note that tariquidar bound at
site 1 did not leave the region of P-gp with which it initially
interacted in the docking experiments, and that it did not leave
the ICL regions of P-gp. Importantly, residues D177 and N820
were observed to interact with tariquidar when the NBDs were
in the closed positions in these simulations. These two residues
were previously shown experimentally by Loo and Clarke”* to
activate ATP hydrolysis 10-fold when cross-linked as cysteine
mutations. Stabilization of the close interaction of NBDs (and
residues D177 and N820) by tariquidar may be important in its
mechanism of inhibition (see Discussion).

When simulated transport cycles began with tariquidar at
either site 2 or site 3 (both within the transmembrane drug
binding sites of P-gp), much greater movement through the
membrane toward the extracellular space was observed
[averages of ~8 and ~10 A from site 2 and site 3, respectively
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Figure 5. Average number of contacts made by transmembrane helices of P-glycoprotein during drug transport. The numbers of interactions of
transport substrate with each of the 12 transmembrane helices of P-gp (helices 1—12, labeled on the X-axes) are plotted vs the progress of the
simulations as P-gp cycled from the open to the inside conformations (0% on the “progress of simulation” Y-axes) to fully opened to the exterior
conformations (100% on the Y-axes). Helix “0” represents any contact between protein and drug that occurred outside of the 12 transmembrane
helices. The Z-axes show the number of contacts made at the various points in the simulation that were within 4.5 A of any atom of P-gp. The color
coding legend for the helices is shown on the right. The contact values were compiled for each of the six independently replicated simulations for
each drug and then averaged. Results for daunorubicin transport are shown in the left panel while those for verapamil in the right panel.

(see Figure 4)]. These results suggest that tariquidar may be
transported through the membrane by P-gp, if it is initially
bound at a drug binding site within the transmembrane
domain.

Two Transport Substrate Pathways through P-gp.
Figure S shows the average number of contacts made by the
individual transmembrane helices of P-gp (1—12) with either
daunorubicin or verapamil over the course of the replicated
simulations. These admittedly complex graphs show that very
different patterns of contacts with the transmembrane helices of
P-gp were observed for daunorubicin as compared with
verapamil. During the transport of daunorubicin from its
preferred docking position (Figure S, left), TMs 1-3, 11, and
12 showed multiple contacts with the transport substrate over
the course of the simulations, while TMs 6 and 10 had one or
fewer contacts with the drug. Helices 4 and 7—9 did not
interact at all with daunorubicin. For the transport of verapamil
from its preferred starting position, a different pattern emerged
(Figure S, right). TMs S—7 and 12 appeared to be very
important in moving verapamil through the membrane, while
TMs 4, 8, 9, and 11 interacted to an only minor extent. Helices
1-3 and 10 showed no interactions with verapamil over the
course of the simulations. Neither daunorubicin nor verapamil
significantly interacted with any residues outside of the
transmembrane helices (designated as “helix 0” in the figure).
Essentially the same results were obtained when 3.5 or 2.5 A
cutoff distances were chosen for these analyses (data not
shown). These differences in which particular helices were used
to drive either daunorubicin or verapamil through the
membrane (as shown in Figure S) appeared to be
predetermined by the position in the protein in which the
drug bound when the simulated transport cycles began. When
daunorubicin was bound initially in its preferred binding site,
TMs 1-3, 6, 11, and 12 were involved in its transport. When
verapamil was initially bound in its preferred drug binding site,
TMs 5—8 and 12 were involved in its transport. Both sets of
simulations had in common only the “last” TMs of the half-
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transporter subunits, helices 6 and 12. These results suggest
that there are at least two pathways through P-gp for
transported substrates that are predetermined by which of the
drug binding subsites is initially occupied by drug.

Stochastic Drug Contacts with Transmembrane
Helices in the Two Transport Pathways through P-gp.
Figures 6 and 7 and Figures 5 and 6 of the Supporting
Information show that there is considerable variability when a
particular transmembrane helix interacts with a drug and even
which particular TM makes contact with a drug within either of
these two pathways. As an example, Figures 5 and 6 of the
Supporting Information show the contacts made between P-gp
and daunorubicin and between P-gp and verapamil, respec-
tively, in each of the six individual simulations. It is apparent
that in the six individual simulations different TMs (1-3, 6, 11,
and 12) were involved to differing extents in contacts that
presumably pushed daunorubicin through the membrane
portion of P-gp (Figure S of the Supporting Information).
Very similar results indicating a large variability when different
TMs interacted with verapamil were obtained when the six
individual simulations of verapamil were plotted (Figure 6 of
the Supporting Information). In the case of verapamil, TMs 5—
8 and 12 were always involved, but some helices were contacted
more often in some of the simulations than in others.

The observations that different helices seemed to dominate
the interactions in some of the simulations while others
dominated in other simulations are easier to visualize when the
residuals of contacts relative to the average number of contacts
between drug and TMs are plotted versus the progress of
individual simulations (Figures 6 and 7 for daunorubicin and
verapamil, respectively). The graphs show the differences
between individual simulation runs and the averages of all
simulations for each of the drugs. Large differences in contacts
with any given transmembrane helix indicate that those helices
are being used to different extents in the given simulations
compared to average interactions. For example, in the
daunorubicin simulations (Figure 6), TM helix 2 (green bars)
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intended to highlight the variability of contacts made between each transmembrane helix with daunorubicin as P-gp moved from open inside to open
outside conformations. Results from six independent simulations are shown.

was used much more extensively in simulation 2 than in
simulation 6. Conversely, TM helix 1 was used much less in
simulation 1 than in simulation 2. Also, simulations 4 and 6
show very different patterns of daunorubicin contacts with helix
6 (blue). Other differences between individual simulations are
also apparent from Figure 6.

Results of residual analyses between the average contacts of
each TM and those observed in an individual verapamil
transport simulation (Figure 7) led to comparable observations,
even though different pathways and associated TM helices were
involved. In the verapamil simulations, the effects seem to be

4382

even more dramatic than for the daunorubicin simulations. For
example, comparison of the very different contacts of verapamil
with helix 12 (light blue) in simulation 1, 2, 4, or S with those
in simulation 3 or 6 highlights significant differences in the use
and timing of the use of this helix in moving verapamil through
P-gp. Likewise, contacts of TM S with verapamil (gold) were
drastically different in simulation 2 compared with those in
simulation 3 or 6. TM 7 also showed dramatically different
contacts with verapamil in simulation 5 when compared to
those in simulation 6. As a further example of the stochastic
nature of the contacts of TMs with verapamil, TM 8 appeared
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simulations.

to be heavily involved in drug interactions in simulation 2, but
not in simulation 1, 3, or 6. These observations suggest that
there is no predefined or predetermined step-by-step sequence
of contacts for either of the two pathways for drugs through P-
gp-
Nonpolar and Aromatic Interactions of P-Glycopro-
tein with Daunorubicin and Verapamil Dominate during
Transport. Figure 8 presents the average number of contacts
between transported drug and amino acids of each trans-
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membrane helix for either daunorubicin (left panels) or
verapamil (right panels) categorized for nonpolar amino acids
(top panels), aromatic amino acids (middle panels), or polar
residues (bottom panels). In the case of daunorubicin, nonpolar
interactions in TMs 1, 2, and 12 appeared to be most important
with minor interactions at TMs 3, 6, and 11. It appeared that
aromatic interactions of daunorubicin with TM 11 were
especially important when the protein was open to the
cytoplasm and that the number these interactions decreased
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S.

residues of P-gp. Graphs are plotted as described in the legend of Figure

as P-gp progressed to open to the outside conformations.
Verapamil showed both nonpolar and aromatic interactions
with residues in TMs 5—7 and 12. Several interactions of both
drugs with polar amino acids in the TM regions of P-gp were
observed as is expected for these drugs, because both verapamil
and daunorubicin have significant numbers of polar functional
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groups (6 polar groups in verapamil and 11 in daunorubicin).
Figure 7 of the Supporting Information shows the results of
similar analyses for contacts made between daunorubicin and
verapamil with charged amino acid residues of the trans-
membrane helices of P-gp. Only the more polar daunorubicin
was observed to interact with any charged residues (H61, K189,
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D188, and E875). These interactions were minor, with fewer
than one such charged residue interaction observed at any given
stage of a simulation. No interactions with charged residues
were observed for verapamil.

B DISCUSSION

Binding Subsites for Daunorubicin and Verapamil on
P-Glycoprotein. Ligand docking experiments were performed
to position the transport substrates, daunorubicin and
verapamil, into reasonable positions to analyze potential
transport through P-glycoprotein in simulated catalytic cycles.
These docking experiments resulted in preferred binding of
daunorubicin and verapamil to two different subsites within the
drug binding domain of P-gp in an open to the cytoplasm
conformation (Figures 1 and 2 and Table 1 of the Supporting
Information). Both drugs bound within the cytoplasmic leaflet
part of the cell membrane. Daunorubicin preferentially bound
to residues on TMs 1-3, 6, and 11, while verapamil docked
preferentially to residues on TMs 4—8 and 12. Similar
observations of different subsites on P—glzcog)rotein for drug
binding have been previously reported.”>***"3%73778 1t jg
interesting to point out that earlier work’® suggested the
presence of two distinct drug binding sites on P-gp that had
different affinities for rhodamine 123 and Hoechst 33342,
designated the R and H sites, respectively, and that the R site
preferentially bound daunorubicin. In even earlier work,% it
was observed that daunorubicin at low concentrations non-
competitively inhibited verapamil transport but at high
concentrations it competitively inhibited verapamil transport.
As summarized in ref 73, these observations were taken to
mean that daunorubicin and verapamil preferentially bound to
different sites with daunorubicin binding at low concentrations
at the R site and with verapamil at the H site. At high
concentrations, daunorubicin appeared also to bind at the H
site, competitively inhibiting verapamil transport.73 It is
tempting to think that the data for the docking of daunorubicin
and verapamil to P-gp support these interpretations, because
daunorubicin was observed to dock at two of the sites
(preferring one site over the other) while verapamil
preferentially bound to only one site and had to be forced
into docking at the preferred daunorubicin site (the R site).
The transport of verapamil from this latter starting point was
also observed to be less consistent than when it started in its
preferred position. Unfortunately, the accuracy of estimating
binding energies using currently available docking software
does not allow us to make this assertion with confidence.

It should be noted that both daunorubicin and verapamil
were docked to P-gp under identical conditions. After the initial
docking, the complete systems, including P-gp, drug, lipid,
water, salt, nucleotide, and magnesium ion, were heated to 310
K and then equilibrated using molecular dynamics techniques
(see Materials and Methods). These procedures allowed the
docked drugs to independently readjust in each of the
replicated simulations. This relaxation step varied the starting
position of verapamil and daunorubicin somewhat before the
targeted molecular dynamics was initiated. Quantification of
this variation showed rmsd values relative to the initial docking
position of 32 + 04 A with a range of 2.6-3.8 A for
daunorubicin and 4.9 + 1.0 A with a range of 3.9—6.7 A for
verapamil. Although a variety of protein—drug interactions were
observed within each of the two subsites after equilibration,
nonpolar and aromatic interactions clearly dominated for both
daunorubicin and verapamil. The presence of many nonpolar
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and aromatic residues in these subsites (Figure 2 and Table 1 of
the Supporting Information) may help explain some of the
broad transport substrate specificities shown by P-gp, because
these types of interactions would be available for many different
hydrophobic or aromatic compounds. Interactions of polar
residues with the somewhat more polar daunorubicin were
more common than with the more hydrophobic verapamil.
Only daunorubicin showed interactions with acidic and basic
residues (Table 1 and Figure 7 of the Supporting Information).
Daunorubicin also showed a few interactions outside of the
transmembrane helices as defined in Uniprot (http:/ /www.
uniprot.org/uniprot/P08183), but these residues were all
within approximately one helical turn of TM 10 and were in
the lipid headgroup region of the cytoplasmic leaflet of the
membrane.

The variable interactions of identically docked daunorubicin
or verapamil to P-glycoprotein after molecular dynamics
“incubation” at 310 K highlight the flexibility and plasticity of
transport substrate binding to P-gp as mentioned by us
previously.”’ The results also support and extend the
hypothesis first introduced and tested by Loo and Clarke”
that binding of the transport substrate to P-gp can induce
conformational changes in the transmembrane helices that
allow the binding of many different transport substrates. This
induced fit model for P-gp”” is extended here to two different
subsites that have the flexibility to readjust binding in a dynamic
way. These smaller adjustments of protein to ligand are shown
here in the different contacts made between identically docked
daunorubicin or verapamil after 310 K equilibrations (Table 1
of the Supporting Information).

Vectorial Transport of Verapamil and Daunorubicin
through the Membrane by P-Glycoprotein. The studies
presented here extend our previous work on the dynamic
conformational changes that take place in the drug binding
domains of P-gp during a putative catalytic cycle as simulated
using targeted molecular dynamics techniques.*' It should be
reiterated here that these studies used four different targeted P-
gp structures that were based on four crystal structures of
related ABC transporters. The targeted molecular dynamics
technique was used to push P-gp from one structure to the
next. A limitation of TMD with only one target structure is that
the method is blind to the nuances of movement of the protein
in intermediate phases. Here we have employed multiple target
structures that comprise intermediates that make biochemical
and mechanistic sense. Although we cannot be certain that the
lowest-energy path between these structures was sampled by
the technique, what we can be sure of is that the targets used
are close to low-energy conformations, because all four were
derived from crystallized proteins. This study strongly suggests
and reproducibly shows that the catalytic transport cycle
simulated in these TMD experiments resulted in the net
vectorial movement of two different transport ligands from
binding positions within the cytoplasmic side of the membrane
of P-gp to positions equivalent to the exterior leaflet of the
membrane bilayer (summarized in Figure 3). During these
simulations, the only external forces exerted on the system were
directed at the protein, so any net movement from the
cytoplasmic to the external side of the membrane must have
been a consequence of the drug interacting with the protein. In
other words, the vectorial movement of the transport substrates
through the membrane was solely caused by the movement of
P-gp transmembrane helices and the respective amino acid side
chains that contacted the substrate. The movements of
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transport substrates were from positions in P-glycoprotein
equivalent to the cytoplasmic leaflet of the membrane bilayer at
the start of the simulations to positions equivalent to the
external side of the membrane (see Figures 1 and 3 and Figures
2—4 of the Supporting Information). The average movement of
the calculated centers of mass of both drugs was 11—12 A when
starting at the preferred docking positions (see Figure 3).
Daunorubicin when placed in the preferred verapamil docking
site moved on average a similar distance toward the outside,
while verapamil at its nonpreferred site moved less well on
average but was observed in half of the simulations to move
between 7 and 11 A outward (Figure 4 of the Supporting
Information). These results support the hypothesis that P-gp
actually drives the drugs from one side of the membrane to the
other. The results shown in Figure 3 and Figure 4 of the
Supporting Information can be compared to those in Figure 8
of the Supporting Information that shows the results of net
drug transport in terms of rmsd changes from the initial drug
position to its final state at the end of the simulations.

A report using TMD techniques that were similar to those
reported earlier by us®' was recently published.*® Despite using
techniques and protein target structures similar to those
reported here, the authors showed only very small rmsd
changes of 1—2.5 A for a series of P-gp transport substrates,*®
nearly 10-fold less than is presented here. One problem with
rmsd measurements when using them to try to show vectorial
movements as done in ref 38 is that a rotation of the molecule
about its center of mass will show a large rmsd value when in
fact the center of mass does not move. For this reason, we have
preferred to use center of mass movement measurements
instead of rmsd. However, to compare our results with those
described in ref 38, we also calculated transport substrate
rmsds. The maximal rmsd changes for simulations using
daunorubicin and verapamil transport were 15.5 and 22.8 A,
respectively (see Figure 8 of the Supporting Information).
These values were significantly larger than those reported in ref
38. The changes in rmsd reported in ref 38 may reflect slight
movements and changes in conformation of compounds bound
to essentially the same subsite on P-gp and the fact that no net
vectorial movement of substrates was observed. One important
interpretation of the simulations in ref 38 was that molecules
thought to be inhibitors of transport by P-gp remained
associated with residues in the initial docking sites longer
than did molecules they listed as transport substrates. Because
neither transport substrates nor inhibitors were shown in ref 38
to significantly move from the initial docking positions, this
interpretation should be reevaluated.

In a manner independent of how we measured the transport
of daunorubicin or verapamil (either by movement of the
center of mass of the drug on the Z-axes as in Figure 3 or by
rmsd as in Figure 8 of the Supporting Information), all 12
simulations reported here for the ligands bound to preferred
docking sites demonstrated very significant movement of either
daunorubicin or verapamil. Daunorubicin moved in six
replicated simulations between 6 and 14 A by center of mass
on the Z-axes or up to 15.5 A when measured by rmsd changes.
Verapamil moved in six replicates by 8—20 A transport by
center of mass on the Z-axes or by up to 22.8 A by rmsd
changes.

Significantly, when we observed the movement of a
polyanion, methylpyrophosphate, a compound that should
not be transported by P-glycoprotein, no vectorial movement
from inside to outside was observed (Figure 3A,D). In these
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simulations, where the methylpyrophosphate was placed
directly into a drug binding site that we showed here was
competent for verapamil transport, a movement in the direction
opposite to that of verapamil or daunorubicin was observed
(Figure 3A). Methylpyrophosphate moved quickly out of the
verapamil drug binding subsite and toward the cytoplasmic
space, while both verapamil and daunorubicin moved through
the transmembrane domain of P-gp toward the extracellular
space. In each of six replicated simulations, methylpyrophos-
phate moved 12—18 A toward the cytoplasm.

These results with methylpyrophosphate are in stark contrast
to the movement of either verapamil or daunorubicin during
identical targeted molecular dynamics simulations. It should be
emphasized that the methylpyrophosphate molecule was not
docked in the verapamil subsite of drug binding sites of P-gp
but was manually placed there to test whether an obvious
nontransport substrate would also be driven through the
membrane as P-gp underwent the transition from inside open
to outside open conformations. The results presented in Figure
3 clearly show that a substance not meeting the criteria of a
transport substrate of P-gp was not moved through the
membrane by the protein but instead quickly moved toward the
cytosol even when it was inserted into a drug binding site at the
start of the simulation. This suggests that not just any substance
that can be internalized into a drug binding site of P-gp will be
actively transported. These simulations with methylpyrophos-
phate strongly support the hypothesis that the drug transport
observed here with the known P-gp substrates daunorubicin
and verapamil as the transporter cycled through a simulated
catalytic cycle reflects a real drug transport mechanism of P-
glycoprotein.

From the extent of the movements of daunorubicin and
verapamil presented in Figure 3, it is clear that not just a
repositioning of helices of P-gp has occurred that granted the
drugs access to the outside of the membrane but that both
daunorubicin and verapamil have been driven through the
membrane toward the outside of the cell by the conformational
changes that occurred during these catalytic cycles. The data
strongly suggest that P-glycoprotein possesses a drug pumping
activity and not just a differential gating activity that grants
access of a drug from one membrane leaflet to the other.

Mechanism of Inhibition of P-Glycoprotein Transport
by Tariquidar. Docking of tariquidar to P-glycoprotein in the
open to the cytoplasm conformation was performed using three
different targeting boxes for the ligand. In the first experiment,
tariquidar was allowed to dock to any part of P-gp except the
NBD structures, and this attempt found the docking position
with the highest estimated affinity (—10.1 kcal/mol) of the
three experiments (site 1 in Figure 4). This site was located in
the intracellular loop (ICL) regions on TM4 and TMO9.
Tariquidar bound at this position was not transported through
the membrane during transport cycle simulations (Figure 4)
and was not observed to separate from the majority of the
residues in its initial starting position.

It is relevant to the following that the initial starting
interactions for tariquidar at site 1 included residues around
N820 and that these residues stayed in the proximity of
tariquidar throughout the entire simulation. In the latter part of
these TMD simulations, when the NBDs were in a closed
conformation thought to be competent for ATP binding and
hydrolysis, tariquidar was also found to interact with residue
D177. These two residues, D177 and N820, when mutated to
cysteines and cross-linked, activated rates of ATP hydrolysis by
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P-gp ~10-fold.” Tt is interesting to speculate that if tariquidar
binds to site 1 and stabilizes the closed conformation of the
NBDs, then this could explain the observations that tariquidar
activates ATP hydrolysis by P-gp in the absence of trans-
port.””*® This would also be consistent with tariquidar
inhibiting transitions of P-gp to open conformations as
determined in ref 81 in work that showed tariquidar inhibited
the cross-linking of extracellularly located residues. Finally, if
tariquidar binding at site 1 did stabilize conformations of P-gp
with closed NBDs, it might also explain the tariquidar-
dependent inhibition of the labeling of residues in the drug
binding sites as described in ref 71. It should also be noted that
tariquidar was observed to stabilize truncated drug binding
domains of P-gp in ref 81 and that the residues reported here
for tariquidar binding site 1 are present in these truncated P-gp
peptides.

The fact that others observed inhibition of ATP hydrolysis by
tariquidar** may perhaps be explained by tariquidar binding to
P-gp at an alternative site or sites. When tariquidar was docked
into the drug binding sites within P-gp (either site 2 or site 3 in
Figure 4), significant transport of the inhibitor through the
membrane and toward the extracellular space was observed
(Figure 4). This suggested that tariquidar could be transported
if it binds at drug binding sites on P-gp. Experimental data,
however, suggest that tariquidar is not effectively transported by
P-gp.*** If tariquidar does bind to the drug binding sites of P-
gp as implicated in ref 71, then one might speculate that
tariquidar may not readily dissociate from P-gp even when it is
exposed to the extracellular space at the end of a transport
cycle, thereby inhibiting net turnover of the transporter and
perhaps ATP hydrolysis. There is evidence that tariquidar binds
significantly to the cell surface of P-gp-expressing cells,*’ and
there is also strong evidence that tariquidar has a affinity for P-
gp much higher than and an off-rate from P-gp slower than
those of the good transport substrate, vinblastine.**

It is interesting to contrast these proposed mechanisms of
inhibition by tariquidar to that proposed for other inhibitors of
P-gp like the QZS9 peptides cocrystallized in murine P-gp
structural studies.”® In recent work, molecular dynamics studies
of daunorubicin and the QZS9 inhibitors that suggest that
inhibitors like QZ59-RRR and QZS59-SSS may inhibit P-gp by
preventing NBD closure have been reported.”

Drug Transport through P-Glycoprotein Is both
Predetermined and Stochastic. Figures 6 and 7 show
clearly that the set of transmembrane helices involved in
daunorubicin transport is different from that for verapamil
transport through P-glycoprotein. Analyses of residues that
contacted the different drugs as they were pushed through the
transmembrane region of P-gp clearly showed that daunor-
ubicin used TMs 1-3, 6, 11, and 12 while verapamil mainly
used TMs 4—8, 11, and 12. Only TMs 6 and 12 (and to a
minor extent 11) were common to both subsets, and both
subsets correlated nearly perfectly with the initial binding
subsets for the two substrates. This strongly suggests that the
initial site of binding of a drug to P-gp may predetermine which
P-gp substructures are involved in pushing the drug all the way
through to the external side of the membrane. In this sense, it
appears to be significant that the general path a drug takes
through P-gp is predetermined by which initial subsite in the
drug binding sites a given drug binds. This is an important
conclusion about the structure and mechanism of drug
transport through P-gp that can be inferred from Figure §
and Table 1 of the Supporting Information.
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A second important inference that can be made from this
work is that within these two general pathways through P-gp,
there does not appear to be a single defined path of contacts
that drives a transport substrate out of the cell. Figures 6 and 7
(and Figures S and 6 of the Supporting Information) indicate
that within each of the two observed pathways through P-gp,
the contacts between TM helices and the drug as any given
simulation progressed showed much variation in which TM
interacted with a specific drug and even when specific TMs
interacted with each drug. These observations suggest that
stochastic opportunistic contacts between protein and transport
substrate within each of the two general pathways drive the
drug through the membrane. We observed that nonpolar and
aromatic amino acids contacted transported drugs most often
as they were pushed toward the external space by P-gp and that
there were significantly more polar and charged amino acid
contacts with the more polar daunorubicin than with verapamil.

Conclusions. The simulations of catalytic transport cycles
by P-glycoprotein with different transport substrates presented
in this study directly demonstrated that transport drugs can be
actively pushed by the protein an average of 11—12 A from the
cytoplasmic to the external side of the membrane. At the same
time, access of the transported drug was changed from inside
membrane surfaces and cytoplasmic bulk phase solvent to
outside membrane surfaces and external bulk solvent. The
simulations suggested that there are two pathways for transport
substrates through P-gp and that the starting location of the
drugs, one of two different drug binding subsites, predeter-
mined which pathway would be used. Additionally, the results
suggested that the actual transmembrane helices involved in
pushing the drugs through the membrane and the timing of the
contacts between protein and drug in either of the two
pathways could vary in what appeared to be a stochastic
manner. The observations presented here elucidated several
characteristics about the mechanism of drug transport through
P-glycoprotein. (1) There are at least two different drug
binding subsites in the transmembrane domains of P-gp that
can preferentially bind transport substrates. (2) It appears that
there are at least two different general pathways for a transport
substrate to be pushed through the membrane, (3) that the
general pathway used by a particular transport substrate appears
to be correlated with its initial drug binding subsite, and (4)
that within either of the two general pathways for a drug
through P-gp, the actual contacts between TMs and drug and
the timing of the contacts can be highly variable and stochastic
in nature. In additional studies, the strong inhibitor of P-gp,
tariquidar, was observed to dock at three plausible sites. The
preferred site for tariquidar docking was in the intracellular loop
region on TMs 4 and 9. Transport of tariquidar through the
membrane from this site was not observed. Alternatively,
positioning tariquidar within drug binding domains resulted in
movement of tariquidar through the membrane. We speculate
that in the former case, stabilization of NBD-closed
conformations through tariquidar binding explains both the
inhibition of transport and stimulation of ATP hydrolysis by P-
gp that has been observed. Transport through the membrane in
the latter case, coupled with slow dissociation of tariquidar, may
inhibit both hydrolysis and transport by P-gp.
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