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P-glycoprotein (P-gp), also known as ABCB1, is a cell membrane
transporter that mediates the efflux of chemically dissimilar am-
phipathic drugs and confers resistance to chemotherapy in most
cancers. Homologous transmembrane helices (TMHs) 6 and 12 of
human P-gp connect the transmembrane domains with its
nucleotide-binding domains, and several residues in these TMHs
contribute to the drug-binding pocket. To investigate the role of
these helices in the transport function of P-gp, we substituted a
group of 14 conserved residues (seven in both TMHs 6 and 12)
with alanine and generated a mutant termed 14A. Although the
14A mutant lost the ability to pump most of the substrates tested
out of cancer cells, surprisingly, it acquired a new function. It was
able to import four substrates, including rhodamine 123 (Rh123)
and the taxol derivative flutax-1. Similar to the efflux function of
wild-type P-gp, we found that uptake by the 14A mutant is ATP
hydrolysis-, substrate concentration-, and time-dependent. Consis-
tent with the uptake function, the mutant P-gp also hypersensi-
tizes HeLa cells to Rh123 by 2- to 2.5-fold. Further mutagenesis
identified residues from both TMHs 6 and 12 that synergistically
form a switch in the central region of the two helices that governs
whether a given substrate is pumped out of or into the cell. Trans-
forming P-gp or an ABC drug exporter from an efflux transporter
into a drug uptake pump would constitute a paradigm shift in
efforts to overcome cancer drug resistance.
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The emergence of drug resistance in cancer is a major clinical
obstacle. The multidrug-resistance–linked plasma membrane

transporter ABCB1 or P-glycoprotein (P-gp) effluxes various
toxic amphipathic and hydrophobic compounds from cells, in-
cluding anticancer drugs (1–4). Structurally, P-gp is comprised of
two transmembrane domains (TMDs), each having six trans-
membrane helices (TMHs) and one cytosolic nucleotide-binding
domain (NBD). Recent cryo-electron microscopy (cryo-EM)
studies have shown that human P-gp exists in both inward open
and inward closed conformations (5, 6). Substrates bind to P-gp
in the inward open conformation and are then effluxed. The
process is associated with conformational changes induced by
ATP binding and hydrolysis by the NBDs (7).
Earlier studies revealed that the transport of substrates medi-

ated by P-gp involves a number of specific residues in the trans-
membrane (TM) region. Some of these residues directly interact
with the substrates, while others help to achieve the proper con-
formation of the protein for the translocation process. Previously,
we generated P-gp mutants with single, double, or triple mutations
that alter the binding, but not the transport of various substrates
(8). We also generated a P-gp variant with 15 residues in the drug-
binding pocket mutated to tyrosine that could transport most of
the substrates despite increased hydrogen-bonding potential (9).
These studies revealed the high degree of permissiveness of the
drug-binding pocket of P-gp. To further investigate the mechanism
of this transporter we decided to introduce multiple mutations in a
pair of homologous helices known to be involved in the binding
and translocation of substrates. Using this strategy, we generated a

mutant named TMH 1,7 that has six mutations each in TMH 1
and TMH 7. This mutant has diminished polyspecificity, as it is
able to transport only 3 of the 25 substrates tested (10).
In this study, we focus on another pair of homologous helices,

TMH 6 and TMH 12, which form part of the drug-binding cavity
through which substrates are translocated. To test the hypothesis
that mutations in multiple residues in these homologous TMHs
would significantly modify the drug-binding pocket resulting in
altered or loss of binding and transport of substrates, the 14A
mutant of human P-gp was generated in which seven conserved
residues from TMH 6 and seven conserved residues from TMH
12 were mutated to alanine. Our results showed that the 14A
mutant could not efflux most of the substrates tested. While P-gp
is known to be able to pump many diverse toxic substances out of
cells, we were surprised to find that the 14A mutant actually
gained the ability to import certain substrates including rhoda-
mine123 and flutax-1. So in effect, the mutations had caused a
change in the direction of transport for those substrates. We
found that this uptake function of the 14A mutant is ATP-
binding– and hydrolysis-dependent, and similar to other ABC
importers, the mutant transporter exhibits a narrow substrate
specificity. Further mutagenesis of additional residues identified
a possible switch in the central region of these two helices that
determines the direction of the substrate transport. Our findings
suggest that the ability to change the direction of transport of an
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ABC drug transporter from efflux to influx might provide a strategy
to kill cancer cells specifically expressing such transporters.

Results and Discussion
Previous mutagenesis, structural, and in silico studies revealed that
at least 20 residues in TMH 6 and TMH 12 are involved in sub-
strate binding and transport (11–15). However, their precise roles
had not been fully explored. Consequently, to understand the role
of these homologous helices in the polyspecificity of the trans-
porter and in drug translocation across the membrane, we gen-
erated 14A mutant P-gp in which seven residues from TMH 6
(V331, L332, V334, F336, V338, F343, V345) and seven from
TMH 12 (V974, L975, V977, S979, V981, V982, M986) were
mutated to alanine. The locations of these residues are shown in
Fig. 1A. Most of the mutated residues are phylogenetically con-
served, hydrophobic, and/or aromatic; Gly and Pro residues were
unaltered to conserve the structural integrity of the protein (SI
Appendix, Fig. S1A).
To characterize the 14A mutant, we used the BacMam

baculovirus-based expression system in HeLa cells. Flow cytom-
etry with three human P-gp–specific antibodies [MRK16, UIC2,
and 4E3 (5, 16–18)] and western blotting with C219 showed that
the expression of the mutant was comparable to that of wild-type
(WT) P-gp (Fig. 1B and SI Appendix, Fig. S1B). Thus, mutations
of these 14 residues did not affect the mutant P-gp expression,
trafficking to the cell surface, or overall conformation. Next, we
checked the transport of several known fluorescently labeled sub-
strates by using a flow cytometry-based steady-state transport assay
(10). The 14A mutant P-gp–mediated efflux of most substrates was
significantly decreased or abolished (Fig. 1C). Of the 25 tested
substrates, only partial efflux of BODIPY FL ethylenediamine
(BD-EDA) (40% compared to WT P-gp) by 14A was observed,
confirming the importance of residues in TMH 6 and 12 for binding
and efflux of substrates. [In previous studies, efflux below 30% of
WT was considered to be insignificant transport activity (9, 10).]
Surprisingly, we found that rhodamine 123 (Rh123), instead of

being effluxed, as occurs with WT P-gp, accumulated in HeLa
cells expressing 14A at much higher levels than in the untrans-
duced control cells (Fig. 1 D and E), suggesting the uptake of this
substrate mediated by the mutant transporter. Fluorescence
microscopy using live cells expressing 14A displays Rh123 ac-
cumulation in the cytosol and not on the cell surface (Fig. 1F).
Confocal microscopy-based colocalization analysis with markers
of mitochondria, the endoplasmic reticulum (ER), and nuclei
(MitoTracker, ER-tracker, and Hoechst 33342, respectively)
showed that despite increased concentrations, Rh123 localized in
mitochondria, as occurs in control cells [Fig. 1G and SI Appendix,
Fig. S2 (19)].
Next, we studied the kinetics of Rh123 accumulation in cells

expressing the 14A mutant. The rates of Rh123 efflux by WT P-gp
and uptake by 14A were compared. The Km for Rh123 uptake by
14A was 1.69 ± 0.12 μM, whereas the Km for efflux by WT P-gp
was 2.98 ± 0.51 μM (Fig. 2 A and B). HeLa cells expressing 14A
achieved maximum Rh123 accumulation in 15 min (t1/2 = 4.45 ±
0.34 min) (Fig. 2C). Uptake by the 14A mutant was also
temperature-dependent, with optimal activity at 37 °C, which is
the same for efflux by the WT protein (9). These results demon-
strate that Rh123 uptake by 14A is a time- and concentration-
dependent saturable process with kinetic properties very similar
to those for its efflux by WT P-gp. The kinetics of Rh123 uptake in
untransduced control cells (blue curves in Fig. 2 C and D) indicate
slower, nonsaturable uptake, consistent with equilibration by
passive diffusion.
Because the efflux of substrates by WT P-gp depends on ATP

binding and subsequent hydrolysis, we tested whether the uptake
activity of the 14A mutant also requires ATP as the energy source.
To address this question, we used two approaches. First, we de-
pleted ATP from the cells expressing 14A by adding 2-deoxyglucose

and sodium azide, followed by an uptake assay under ATP-depleted
conditions. As shown in Fig. 2D, uptake was drastically decreased
even after 30 min (compare to Fig. 2C). In the second approach, we
generated the ATP hydrolysis-deficient 14A-E556Q/E1201Q (14A-
EQ) mutant (6, 20) with a total of 16 mutations. Rh123 did not
accumulate in cells expressing the 14A-EQ mutant (Fig. 2E), con-
firming the results obtained with ATP depletion assays (Fig. 2D).
In addition to Rh123, a few other substrates were also im-

ported by 14A, most of which were rhodamine derivatives (10).
They included dihydrorhodamine 123 (DHR123, with fourfold
accumulation), which is oxidized to Rh123 in the cells (21),
Rhod-2 acetoxymethyl (AM) (five- to sixfold accumulation), and
X-Rhod-1 AM (twofold accumulation). An anticancer drug an-
alog Flutax-1 (a paclitaxel [trade name Taxol] derivative) was
also imported with accumulation ranging from two- to threefold
more than in control cells (Fig. 2E). We also confirmed the lack
of uptake of Rhod-2 AM and Flutax-1 by the 14A-EQ mutant
(Fig. 2E). Thus, the import function of 14A is ATP hydrolysis-
dependent. No other tested rhodamine analog was found to
accumulate in the cells (SI Appendix, Fig. S3A), indicating that
no specific physicochemical properties of substrates determine
the 14A mutant-mediated uptake, as they vary in molecular
weight, charge, structure, and polarity (SI Appendix, Fig. S3B).
ATP-dependent transporters carry out substrate transport

against a concentration gradient (22). To determine if Rh123
uptake occurred against the gradient, we performed an uptake
assay using [3H]-Rh123. After equilibrating ATP-depleted 14A-
expressing cells with nonradioactive Rh123 (1.3 μM) (SI Ap-
pendix, Fig. S4), [3H]-Rh123 was added at a concentration five
times lower (0.25 μM) in glucose-containing medium to replen-
ish ATP, and [3H]-Rh123 accumulation in cells was quantified
20 min later. We found that the [3H]-Rh123 level was 2.3 ± 0.9-
fold higher in 14A-expressing cells as compared to control cells
or cells expressing 14A-EQ (Fig. 2F). Thus, [3H]-Rh123 accu-
mulated inside 14A-expressing cells against a steep concentration
gradient.
P-gp is known to confer resistance to several anticancer drug

substrates. We tested whether increased uptake by the 14A
mutant hypersensitized HeLa cells to Rh123 (see schematic di-
agram of the assay in Fig. 2G). Cells overexpressing 14A were
exposed to increasing concentrations (0.25–50 μM) of Rh123 in a
cytotoxicity assay. Cells expressing WT P-gp, which efflux Rh123,
and cells not expressing exogenous P-gp (untransduced) or
expressing TMH 1,7 P-gp, which do not transport Rh123 (10),
were used as controls. Fig. 2H shows that 14A-expressing cells
are hypersensitized to Rh123, with half-maximal inhibitory
concentration (IC50) values decreasing from 6.08 ± 0.77 μM
(TMH 1,7 control cells) to 2.87 ± 0.3 μM. As expected, cells
expressing WT P-gp were resistant even at 50 μM. This result
confirms that an engineered ABC efflux transporter can function
as an importer, thereby increasing the accumulation of chemo-
therapy drugs in cancer cells, leading to cell death. Cytotoxicity
tests with other drugs showed that cells expressing the 14A
mutant are marginally sensitized to paclitaxel and doxorubicin,
but not to colchicine or etoposide (SI Appendix, Table S1),
confirming the limited specificity of the import function of
the mutant.
Because the binding and efflux of substrates by P-gp involves

several residues in TMH 6 and 12, we assumed that multiple
residues might also be involved in its uptake function. To identify
the key residues required for binding and uptake of Rh123, we
generated a series of mutant proteins in which different combi-
nations of residues from TMH 6 and TMH 12 were substituted
with alanine. A few additional residues adjacent to the residues
mutated in the 14A mutant in the same TMHs within the drug-
binding pocket were also mutated in some variants (Fig. 3A and
SI Appendix, Table S2). We determined the uptake profiles of all
of the mutants by testing the same four substrates (Rh123,
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Fig. 1. Transport direction is reversed by mutations in TMHs 6 and 12 of P-gp. (A) Inward open human P-gp structure (PDB ID: 6QEX) highlighting the location
of residues mutated in 14A. The residues selected for mutation in TMH 6 and TMH 12 are shown as red and magenta spheres, respectively. (B) Relative surface
expression of 14A detected by human P-gp–specific antibodies MRK-16, 4E3, and UIC2, with binding to WT P-gp taken as 100%. (C) Relative efflux of various
substrates by 14A, with efflux by WT P-gp taken as 100%. Although 25 substrates (list given in ref. 10) were tested, results for only the top 10 are shown
(mean ± SD, n ≥ 3). (D) A typical histogram showing uptake of Rh123 by 14A. Untransduced cells were used as a control for equilibration (referred to as
control cells here and in subsequent figures), and Rh123 efflux from WT P-gp–expressing cells is shown for comparison. (E) Cartoon representation of
substrate uptake by 14A as compared to efflux by WT protein. (F) Accumulation of Rh123 was determined by fluorescence microscopy. In the top row are
phase contrast images, in the middle row are nuclei stained with Hoechst dye, and the bottom row of images show Rh123 fluorescence signal. (G) Confocal
microscopy of HeLa cells expressing 14A after uptake of Rh123 (green). MitoTracker (pink), and Hoechst (blue) are markers for mitochondria and nuclei,
respectively. The merged image shows colocalized sections (white), and a single cell is enlarged in the inset. GFP, green fluorescent protein; TMR-CI, tetra-
methylrosamine chloride; TMRE, tetramethylrhodamine, ethyl ester.
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DHR123, Rhod-2 AM, and Flutax-1) that were found to accu-
mulate in 14A mutant-expressing cells (Fig. 3B and SI Appendix,
Fig. S5). Only the 16A, 10A-I, and 10A-III mutant P-gps could
import all four substrates, but to a lesser extent than 14A. The
remaining mutants (10A-II, 9A, 8A, 7A, 6A-I, and 6A-II) could
mediate the uptake of only Rh123 and DHR123. Thus, at least
three specific residues from TMH 6 and seven from TMH 12 are
required for uptake of the four substrates; on the other hand, just
six residues (three from both TMH 6 and 12) are necessary for
the uptake of Rh123. Although both 8A and 10A-III have the
same three residues from TMH 6 (Fig. 3A), 10A-III has two
extra mutations in TMH 12 (V977A and V981A), which appear
to be critical for the uptake of all four substrates by the 10A-III
mutant. Also, 8A shows marginal uptake of Rhod-2 AM, which
does not occur with the 7A mutant that lacks the V986A mu-
tation. This indicates that these three residues must contribute to
the uptake of Rhod-2 AM and Flutax-1. Similarly, a comparison
of mutated residues in 6A-II and 7A shows that the L975A
mutation enhances the uptake of Rh123 and DHR123 (Fig. 3B
and SI Appendix, Fig. S5; 11-fold accumulation by 7A versus
sevenfold accumulation mediated by 6A-II mutant).
We also assessed the efflux profile of these mutants for other

substrates. Mutants 16A, 14A, 10A-I, and 10A-III, which medi-
ated uptake of four substrates, lost the ability to efflux most of
the substrates (SI Appendix, Figs. S6 and S7). On the other hand,
10A-II, 9A, 8A, 7A, 6A-I, and 6A-II, which accumulate only
Rh123, could efflux some of the substrates, thus mediating
transport in either direction, depending on the substrate.
We next investigated whether the conformational changes that

are associated with ATP or ligand binding are different in
the14A mutant. The fact that ATP binding and hydrolysis was
required for the uptake function (Fig. 2) suggested that the 14A
mutant may follow the same transport cycle as the WT. To assess
the overall conformation of the 14A mutant, we compared the
binding of the conformational-sensitive antibody UIC2 (Fab
region), the sensitivity to trypsinization, and the ATP-dependent
changes in thermal stability. The ATPase activity of purified 14A
in nanodiscs is inhibited by tariquidar, which also occurs with the
WT, but Rh123 only marginally stimulated it (SI Appendix, Fig.
S8A). The UIC2-Fab binding to purified WT and 14A mutant
P-gp reconstituted in nanodiscs was assayed at different steps of
the ATP hydrolysis cycle (Fig. 4A and SI Appendix, Fig. S8). We
found that UIC2 only dissociates from WT P-gp and 14A in the
vanadate (Vi)-trapped posthydrolysis conformation. The sus-
ceptibility of WT and 14A to trypsin digestion showed that both
proteins required similar concentrations of trypsin for degrada-
tion (SI Appendix, Fig. S9), indicating that they most likely have
similar conformations. Previously, we have shown that ATP
binding, under nonhydrolyzing conditions, favors the thermal
stabilization of WT P-gp; thus, the inward open conformation is
more sensitive to heat treatment when compared to the inward
closed conformation (23). We found that WT and 14A show
similar thermal stability profiles both in the absence and pres-
ence of ATP (Fig. 4B).
To further understand the effects of mutations in TMHs 6 and

12 on the structure of P-gp that change the direction of transport
from efflux to uptake, we conducted a series of molecular dy-
namics (MD) simulations of the transporter embedded in a lipid
bilayer (see Materials and Methods). All models were based on
the recently determined structure of human P-gp with bound
paclitaxel (Protein Database [PDB] ID: 6QEX) (5). In addition
to the control, unaltered 6QEX.pdb structure (paclitaxel-WT),
models of the apo protein with the WT sequence and the 14A
mutations (Apo-WT and Apo-14A), and the paclitaxel-bound
and 14A mutations (Taxol-14A) were generated. The TM re-
gion of the control system was found to be relatively unchanged
after 1,000 ns: the rmsd from the starting structure of the Cα’s of
the 12 TMHs from 200–1,000 ns was only 1.2 Å. While the rmsd

for Apo-WT is ∼2.3 Å, the Apo-14A system remains similar to
the control, with an approximate rmsd of only 0.8 Å. As the
bound paclitaxel likely contributes to the stability of this region
(5), we focused on the two trajectories of apo models to better
understand the effects of the mutations. Examining only the
areas where mutations were introduced in TMH 6 (residues
331–345) and TMH 12 (974–986), which form the narrowest part
of the lumen, brings to light significant differences in the Cα
rmsd among the Apo-WT and Apo-14A proteins (SI Appendix,
Fig. S10). A larger fluctuation was seen in the Apo-WT system,
with an approximated rmsd range of 1.4 vs. 0.5 Å, suggesting less
stability. The distances among six pairs of Cα atoms at similar
positions along TMH 6 and TMH 12 throughout the simulation
are shown in SI Appendix, Fig. S11A. This shows that the greater
deviation of the Apo-WT system is due to the helices moving
closer together as the dynamics progress. Also, the helices of the
Apo-WT system adopt curved conformations compared to the
mutated, Apo-14A system (SI Appendix, Fig. S11B). This is
consistent with alanine residues enhancing the rigidity and line-
arity of protein α-helices (24). As expected, the differential
change in distance between TMH 6 and TMH 12 causes signif-
icant differences in the size and shape of the TMH lumen of the
two systems. As seen in the side, top, and bottom views of WT
and 14A (Fig. 5 A and B), the lumen of the Apo-WT system is
occluded at the outer leaflet of the membrane at the position of
the mutations, whereas the lumen of the Apo-14A system has an
open “channel” in this region (top view in Fig. 5 A and B). This
suggests how the mutations may allow for uptake, as the path is
open for substrates to enter the lumen from outside the cell.
The analyses of transport function of several mutants with

alanine substitution of 6 to 16 total residues of TMHs 6 and 12
(Figs. 2 and 3 and SI Appendix, Figs. S5–S7) and MD simulations
(Fig. 5 A and B) suggest the presence of a switch in the central
region of these two helices that governs whether a given sub-
strate is pumped out of (efflux) or into (influx) the cell (Fig. 6A).
Exactly how the substrate enters the binding cavity during the
import process remains elusive. Comparison of the atomic
structures of the 14A mutant (not yet available) with WT P-gp
and other ABC importers will be critical for understanding the
mechanism of the switch. It is possible that Rh123 enters the 14A
transporter directly from the extracellular region, as suggested by
the wider opening observed in the MD simulations (Fig. 5 A and
B), or Rh123 can be partitioned in the membrane bilayer, with
access to the drug-binding pocket occurring in a fashion similar
to WT P-gp (7, 25). Subsequent conformational changes lead to
intracellular translocation of Rh123 with concomitant ATP hy-
drolysis, while ADP release resets the transporter to the inward
open conformation. Fig. 6B is a schematic of the proposed
mechanism of uptake by the 14A mutant.
Thus, in this study, the approach of introducing multiple

mutations in homologous TMHs 6 and 12 enabled us to observe
a change in the direction of transport for certain substrates from
efflux to uptake by P-gp. Among the 48 human ABC proteins, only
two exhibit an uptake function, transporting substrates into the cy-
tosol. They are ABCA4, which is present in retinal photoreceptor
cells and imports N-retinylidene–phosphatidylethanolamine (26),
and the lysosomal ABCD4 transporter, which mediates uptake of
cobalamin (27). Some plant ABC transporters have also been
suggested to import substrates, including auxin transport by
Arabidopsis thaliana PGP4 (28) and its homolog in Coptis ja-
ponica MDR1 for alkaloid berberine (29). These transporters as
well as bacterial importers including mycobacterial IrtAB (30)
and the Escherichia coli vitamin B12 transporter BtuCD (31) and
others (32) exhibit a very narrow substrate specificity. Similarly,
concerning uptake by the 14A mutant, we observed a narrow
substrate specificity, indicating that this may be a common
characteristic of ABC importers compared to the polyspecificity
observed in exporters.
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The ability of the 14A mutant to hypersensitize cancer cells to
drugs by mediating their uptake provides an approach to selec-
tively kill P-gp–expressing cancer cells, thereby improving the
efficiency of chemotherapy. Recent developments in non-
integrating DNA therapeutics could be a promising approach for
such targeted therapies. A new class of DNA nanovectors could
be used for sustained enhanced expression of transgenes such as
the 14A mutant, without the risk of vector-associated cell toxicity
(33). Altering the direction of transport of P-gp (and potentially
other drug efflux pumps) could improve the delivery of chemo-
therapy in specific cancers. In addition, by screening libraries of
small molecules or drugs, it may be possible to identify thera-
peutic agents that switch the direction of transport of an ABC
drug transporter from efflux to influx and could be used to kill
the cells expressing such transporters. Further studies on the
switch mechanism of P-gp and other ABC drug efflux pumps will
help to exploit the uptake function for therapeutic use.

Materials and Methods
Chemicals and Antibodies. [3H]-rhodamine 123 (40 mCi/mmol) was custom-
synthesized by Moravek, Inc. BD-verapamil was purchased from Setareh
Biotech, and sources for other fluorescent compounds, reagents, and anti-
bodies are described previously (10).

Cell Lines and Culture Conditions. HeLa cells purchased from American Type
Culture Collection were maintained in Dulbecco’s modified Eagle’s Medium
(Gibco, Thermo Fisher Scientific) supplemented with 10% Fetal Bovine Se-
rum, 5 mM L-glutamine, 100 units/mL penicillin, and 100 μg/mL streptomycin
at 37 °C in 5% CO2 as described previously (9, 10).

Generation of P-gp Mutants in BacMam Baculovirus. Certain residues in TMH 6
and TMH 12 were selected for mutation, with the selection rationale de-
scribed in the main text. For generation of the 14A and 6A-II mutants, se-
lected residues were substituted with alanine in the human P-gp sequence
using the GeneArt gene synthesis method (Life Technologies, Thermo Fisher
Scientific), and BacMam viruses were generated as described earlier (10, 34).

BacMam Baculovirus Transduction of HeLa Cells, Expression of WT and Mutant
P-gp, and Transport of Fluorescent Substrates. Previously described procedures
(9, 10, 35) were used for the transduction of HeLa cells with the WT or
mutant P-gp BacMam baculovirus, determination of cell surface expression

using human P-gp specific antibodies MRK-16, UIC2, and 4E3 and assessment
of transport of fluorescent substrates by flow cytometry.

Fluorescence Microscopy-Based Transport Assay. The procedure followed was
similar to one described earlier (35). Briefly, transduction was carried out as
described in the earlier section using HeLa cells seeded in a 24-well plate
format (50,000 cells/well). After 20–22 h, cells were washed twice with
phosphate-buffered saline (PBS), and Rh123 was added at a 1.3-μM con-
centration to 1 mL Iscove’s Modified Dulbecco’s Medium (IMDM) containing
5% fetal bovine serum (FBS). Untransduced cells were used as a control. The
transport assay was carried out for 45 min at 37 °C. Ten minutes before
completion of the transport assay, Hoechst 33342 was added to the cells. The
cells were washed with cold PBS three times, and 0.5 mL PBS was added to
each well. Live cells were visualized in an Evos AMG microscope at 10×
magnification in transmitted light (to visualize the cells) and in the green
region (for fluorescence of Rh123) and ultraviolet (UV) region (to visualize
Hoechst stained nuclei).

For confocal microscopy, glass-bottom culture dishes (35 mm Petri dish,
10 mm Microwell, MatTek Corp.) were used. Transduction of HeLa cells and
transport was carried out as described above. Cells were stained with 0.5 μM
MitoTracker Deep Red FM (far-red, 5 min, 37 °C), 0.5 μM ER tracker (red,
5 min, 37 °C), 5 μg/mL Hoechst 33342 (UV) (5 min, 37 °C), and 1.3 μM Rh123
(green, 45 min, 37 °C) dyes. Live cells were imaged immediately after
staining at 60× magnification under the corresponding fluorescence filters.
Colocalization analysis was done using a Zeiss LSM 780 microscope (NCI, CCR
core facility) and ZEN Lite software (Zeiss Microscopy).

Kinetics of Rh123 Efflux and Uptake. HeLa cells were transduced with the
respective P-gp variant as described in the section above. Cells were trypsi-
nized and used for kinetic analyses, as follows. Time-course of Rh123 accu-
mulation: HeLa cells (untransduced control or expressing 14A) were
incubated with Rh123 (1.3 μM) for the indicated time periods, and MFI was
measured using flow cytometry. MFI after 45 min in control cells was taken
as 100%, and relative fluorescence was calculated. Rh123 efflux by WT P-gp:
HeLa cells (control and expressing WT P-gp) after trypsinization were
washed with PBS (containing 1 mM MgCl2 and 0.1 mM CaCl2) and depleted
of ATP by addition of 20 mM 2-deoxyglucose and 5 mM sodium azide for
10 min at 37 °C, as described earlier (35). In the same medium, Rh123 was
added to the cells at the indicated concentrations for 20 min for equilibra-
tion. After incubation, cells were washed with ice-cold PBS/Ca2+/Mg2+ and
resuspended in Rh123-free buffer; the level of Rh123 was taken as 100%
(time = 0). Efflux was initiated by transferring the cells to PBS containing
1 mM MgCl2 and 0.1 mM CaCl2 supplemented with 55 mM glucose at 37 °C
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for 3 min (approximate t1/2 for efflux). Efflux was calculated by subtracting
the fluorescence intensity after 3 min at a given Rh123 concentration from
that at 0 min. Rh123 accumulation by the 14A mutant: HeLa cells (control
and expressing 14A) were incubated with indicated concentrations of Rh123
for 3 min (approximate t1/2 for accumulation). Accumulation was calculated
by directly measuring the MFI at 3 min at a given Rh123 concentration. ATP
requirement for Rh123 accumulation: HeLa cells (untransduced control and
cells expressing 14A) were depleted of ATP as described above and incu-
bated with Rh123 (1.3 μM) at 37 °C for the indicated time points, followed by
washing cells and measuring the level of cellular Rh123 by flow cytometry as
described earlier (9, 10).

Transport Assay with [3H]-Rh123. To analyze the accumulation of Rh123
against the concentration gradient, HeLa cells were transduced with 14A in a
6-well platemonolayer. Cells were depleted of ATP as described in the section
above and exposed to cold Rh123 (1.3 μM) in IMDM + 5% FBS for 15 min.
After washing, cells were exposed to IMDM + 5% FBS containing [3H]-Rh123
at lower concentrations (0.25 μM; ∼0.5 μCi/well) for 20 min. Cells were
washed three times with cold PBS and lysed by PBS containing 2% Triton X-
100 for 30 min. The lysate was transferred to scintillation vials containing
20 mL Bio Safe 2 scintillation fluid (Research Products International). Intra-
cellular radioactivity was determined using the liquid scintillation counter
LS6500 (Beckman).

Cytotoxicity Assays. Cytotoxicity assays were performed with HeLa cells
expressing either WT P-gp or 14A. After transduction with baculovirus
(without adding butyrate), cells were plated in white 96-well plates at
varying drug concentrations followed by incubation for 48 h at 37 °C. Per-
cent survival was calculated using Cell Titer Glo reagent (Promega). Killing
curves were plotted, and IC50 values were calculated using GraphPad Prism
8.1.2. All of the experiments were performed at least three times.

Preparation of Membrane Vesicles of High Five Insect Cells. High Five insect
cells (Invitrogen, Thermo Fisher Scientific) were infected with recombinant
baculovirus carrying WT or mutant P-gp with a tobacco etch virus (TEV)
protease-cleavage site and a His6-tag in the C-terminal end, as described
previously (36, 37). Membrane vesicles were prepared by hypotonic lysis of
cells expressing WT or mutant P-gp followed by differential centrifugation
to collect the membranes. Total protein in membrane vesicles was quanti-
fied by a colorimetric assay using Amido black B as described earlier (38).

SDS/PAGE and Western Blotting. HeLa cells (0.5–1.0 × 106) expressing WT or
mutant P-gp were lysed by sonication and freeze–thaw cycles in a buffer
containing 10 mM Tris-Cl pH 8.0, 0.1% Triton X-100, 10 mM MgSO4, 2 mM
CaCl2, 1% aprotinin, 1 mM AEBSF, 2 mM DTT, and 20 μg/mL nuclease.
Samples (lysates of 60,000 cells/lane) were resolved by 7% Tris-acetate SDS/
PAGE gels (Invitrogen, Thermo Fisher Scientific), and western blotting was
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done using C219 (anti–P-gp, 1:2,000 dilution) and GAPDH-6C5 (1:20,000 di-
lution) monoclonal antibodies (primary) and HRP-conjugated mouse IgG
secondary antibody (1:10,000 dilution). The blots were developed using an
ECL western blotting detection kit (GE Healthcare). The quantification of
P-gp band signals was done using ImageJ (NIH) (39). For quantification, each
experiment was repeated at least three times, and values represent
mean ± SD.

Purification of 14A Mutant P-gp and Reconstitution in Nanodiscs. Membrane
vesicles of High Five cells expressing WT or 14A mutant P-gp were solubilized
with DDM/CHS and purified using Ni-NTA affinity chromatography and size-
exclusion chromatography as described previously (40). Nanodiscs were
prepared by combining sonicated E. coli lipids, MSP1D1 and WT or 14A P-gp
(200:4:1 ratio) in the presence of 0.8 g/mL SM2 Biobeads (Bio Rad) and pu-
rified by size-exclusion chromatography using nanodisc (ND) buffer (40 mM
Hepes pH 7.3, 150 mM NaCl, and 5 mM DTT).

ATPase Activity. The ATPase activity of WT and 14A was measured as de-
scribed earlier (9, 10), and the Vi-sensitive ATPase activities were analyzed
and plotted using GraphPad Prism 8.1.2.

Determination of WT and 14A Mutant P-gp Trypsin Sensitivity. Membrane
vesicles (50 μg) of High Five cells containing WT or 14A were incubated at
37 °C for 5 min followed by treatment with increasing concentrations of L-
(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)-trypsin for another
5 min at 37 °C. The reaction was stopped by the addition of 25 μg of soybean
trypsin inhibitor. Samples in the SDS/PAGE buffer were incubated for 20 min
at 37 °C and then resolved by SDS/PAGE (10 μg/lane). Protein bands were
stained with InstantBlue (Sigma). The loss of monomeric P-gp was quantified
using the ImageJ program and plotted with GraphPad Prism 8.1.2 software.

Binding of UIC2-Fab to WT and 14A Mutant P-gp and Native Gel Electrophoresis.
Nanodiscs containing WT or 14A mutant P-gp (3 μg) were first incubated in
the absence or presence of UIC2-Fab (10 μg) for 5 min in the ATPase assay
buffer at 37 °C, and then ATP, MgCl2, and/or Vi (1, 2, and 0.5 mM, respec-
tively) were added to the samples to a final volume of 20 μL. Samples were
incubated for 5 min at 37 °C. Native PAGE sample buffer (Thermo Fisher
Scientific) was added, and samples were loaded in a 4–12% Bis-Tris NuPAGE
gel (Thermo Fisher Scientific) and run according to the manufacturer’s

instructions. Gels were fixed and destained with a 50% ethanol, 10% acetic
acid solution and restained with InstantBlue (Sigma-Aldrich). Gel band in-
tensities were quantified using ImageJ (39).

Effect of Temperature on the Stability of WT and 14A Mutant P-gp. Membrane
vesicles containing WT or 14A mutant P-gp were incubated at a range of
temperatures (37–80 °C) for 10 min in the presence or absence of ATP as
described previously (23). Next, 5× gel sample buffer was added and incu-
bated for 20 min at 37 °C. Samples were then run on a 7% Tris-Acetate
NuPAGE gel and stained with InstantBlue (Sigma-Aldrich).

In Silico Analysis. MD simulations were performed with the Nanoscale Mo-
lecular Dynamics (NAMD) 2.13b2 software package (41). For the WT and
mutants, the transporter protein was embedded in a square bilayer patch of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids. The defin-
ing structural topologies and parameters were those of the CHARMM36 all-
atom force-field (42). Taxol was modeled with CHARMM-GUI (43). Periodic
boundary conditions were used for a rectangular cell of starting dimensions:
118.0 × 115.0 × 168.0 Å. This allowed for a minimum distance between the
protein and the cell wall of 12.0 Å. The system was hydrated with TIP3P
water molecules, and sodium and chloride ions were added to electrically
neutralize and provide an ionic strength of 150 mM using Visual Molecular
Dynamics (44). Regular electrostatic and van der Waals forces were calcu-
lated with a CUTOFF and SWITCHDIST of 12.0 and 8.0 Å, respectively. The
temperature and pressure were maintained at 310.0 °K and 1 ATM with the
Langevin and Langevin-Piston methods, respectively. The SETTLE mechanism
was used to restrain covalent bond lengths to equilibrium values, allowing
for an integration time-step of 2.0 fs. Trajectories were calculated for a
minimum of 1,000.0 ns.

Data Availability. All data are included in the main paper or in SI Appendix.
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