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Global alteration of the drug-binding pocket of human P-
glycoprotein (ABCB1) by substitution of fifteen conserved
residues reveals a negative correlation between substrate size
and transport efficiency
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Abstract

P-glycoprotein (P-gp), an ATP-dependent efflux pump, is linked to the development of multidrug
resistance in cancer cells. However, the drug-binding sites and translocation pathways of this
transporter are not yet well-characterized. We recently demonstrated the important role of tyrosine
residues in regulating P-gp ATP hydrolysis via hydrogen bond formations with high affinity
modulators. Since tyrosine is both a hydrogen bond donor and acceptor, and non-covalent
interactions are key in drug transport, in this study we investigated the global effect of enrichment
of tyrosine residues in the drug-binding pocket on the drug binding and transport of P-gp. By
employing computational analysis, 15 conserved residues in the drug-binding pocket of human P-
gp that interact with substrates were identified and then substituted with tyrosine, including 11
phenylalanine (F72, F303, F314, F336, F732, F759, F770, F938, F942, F983, F994), two leucine
(L339, L975), one isoleucine (1306), and one methionine (M949). Characterization of the tyrosine-
rich P-gp mutant in HeLa cells demonstrated that this major alteration in the drug-binding pocket
by introducing fifteen additional tyrosine residues is well tolerated and has no measurable effect
on total or cell surface expression of this mutant. Although the tyrosine-enriched mutant P-gp
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could transport small to moderate size (<1000 Daltons) fluorescent substrates, its ability to
transport large (>1000 Daltons) substrates such as NBD-cyclosporine A, Bodipy-paclitaxel and
Bodipy-vinblastine was significantly decreased. This was further supported by the physico-
chemical characterization of seventeen tested substrates, which revealed a negative correlation
between drug transport and molecular size for the tyrosine-enriched P-gp mutant.
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1. Introduction

P-glycoprotein (P-gp, ABCB1) belongs to the large family of ATP-binding cassette (ABC)
transporters [1]. It plays a crucial role in the efflux of a broad range of chemically dissimilar
xenobiotics to the extracellular space [2]. Like many ABC transporters, P-gp utilizes the
energy from ATP hydrolysis to actively pump substrates out of cells. Under normal
physiological conditions, P-gp activity in the intestines, kidney, and liver facilitates secretion
of harmful compounds into the feces, urine, and bile. Similarly, high expression of P-gp on
the surface of endothelial cells of the blood-brain barrier significantly reduces penetration of
toxic compounds and drugs into the brain [3, 4].

P-gp is reported to recognize and transport a vast array of chemically and structurally
unrelated anti-cancer agents and confer multidrug resistance (MDR) to cancer cells.
Expression of P-gp on tumor cell membranes limits intracellular drug accumulation and
concentration, thus protecting cancer cells against chemotoxicity [5]. Considering P-gp’s
crucial role in drug bioavailability and pharmacokinetics, there has been a keen interest in
understanding the molecular mechanism of drug-binding and transport of P-gp.
Understanding drug transport mechanism of this pump will allow the development of more
potent and less toxic inhibitors. However, drug binding sites, substrate translocation
pathways, substrate release, conformational transition, and the mechanism of drug transport
by P-gp is not yet well characterized.

Structurally, P-gp consists of two transmembrane domains (TMDs) and two cytoplasmic
nucleotide-binding domains (NBDs)[1, 2, 6-10]. Mutagenesis and biochemical studies
suggest extensive conformational flexibility of P-gp, with two distinct conformations: an
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inward-facing or open (inverted V shape), and an outward-facing or closed (V shape)
conformation (reviewed in [11]). These data also suggest that the transition between these
conformations requires ATP hydrolysis [8, 12]. It is proposed that binding of amphipathic
agents to the drug-binding pocket and ATP hydrolysis results in open to closed
conformational switch and release of substrate into the extracellular space [13, 14].

While most of the P-gp substrates enhance ATP hydrolysis [1, 15, 16], a few third-
generation modulators (zosuquidar, tariquidar, and elacridar) inhibit basal P-gp ATPase
activity. By employing mutagenesis, we have recently reported the importance of drug-
binding affinity for modulating inhibition of ATP hydrolysis. Our findings also suggested
that hydrogen bond interactions are the key ligand-protein interactions controlling the
binding affinity of some of the modulators to P-gp [17].

To specifically test the role of hydrogen bonds in ligand-protein interactions and P-gp
function, we replaced fifteen key aromatic or hydrophobic amino acids known to interact
with different substrates with tyrosine and generated what we termed the 15Y mutant P-gp.
We characterized properties of the 15Y P-gp mutant by biochemical and functional analyses.
Expression of 15Y mutant P-gp in HeLa cells by using Bac-Mam baculovirus demonstrated
similar total and cell surface expression levels of this mutant when compared to wild type
protein. For most of the substrates tested, 15Y mutant P-gp could efficiently transport them
out of the cells. These results demonstrated that increasing the hydrogen bond potential by
adding fifteen tyrosine residues has no major effect on the transport function of this
transporter. However, three substrates- NBD-cyclosporine A, Bodipy-paclitaxel, and
Bodipy-vinblastine, show little or no transport by this mutant. We found partial stimulation
of ATPase activity of 15Y mutant P-gp by paclitaxel, suggesting that the observed decreased
transport is probably due to a failure in substrate translocation and/or release, but not
binding of paclitaxel. On the other hand, vinblastine didn’t stimulate or inhibit 15Y P-gp
ATPase activity either in the presence or absence of verapamil, indicating lack of vinblastine
binding to 15Y mutant P-gp. Physico-chemical characterization of seventeen tested
substrates revealed a negative correlation between transport and substrate size for 15Y
mutant.

2. Materials and methods

2.1 Chemicals

Cyclosporine A was purchased from the Alexis Corporation (Lausen, Switzerland).
[1251]iodoarylazidoprazosin (IAAP) (2200 Ci/mmol) was purchased from PerkinElmer Life
Sciences (Boston, MA). The fluorescent compounds tetramethylrosamine chloride (TMRC),
Bodipy-Verapamil, BD-EDA, Bodipy-FL-4,4-difluoro-5,7-dimethyl-4-bora-3a,4a—diaza-s-
indacene-3-propionyl ethylenediamine, hydrochloride. TMRE, tetramethylrhodamine ethyl
ester perchlorate. DIOC2, 3,3’-Diethyloxancarbocyanine iodide. Cell tracker orange
CMTMR, (5-(and-6)-(((4-chloromethy)benzyol)amino)tetramethylrhodamine). LDS-751,
quinolinium, 6-(dimethylamino)-2-[4-[4-(dimethylamino)phenyl]-1-ethyl, perchlorate,
SYTO 13, Bodipy-paclitaxel, Bodipy-forskolin, Calcein-AM, BD-prazosin, and
dihydrorhodamine were purchased from Invitrogen (Carlsbad, CA). NBD-cyclosporine A
was generously provided by Drs. Anika Hartz and Bjérn Bauer, University of Kentucky
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(Lexington, KY). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).
The P-gp-specific monoclonal antibody C219 was provided by Fujirebio Diagnostic Inc.
(Malvern, PA), and the MRK16 antibody used for flow cytometry studies was purchased
from Kyowa Medex Company (Tokyo, Japan). FITC-labeled anti-mouse secondary antibody
IgG2a was obtained from BD Biosciences (San Jose, CA).

2.2 Cell lines and culture conditions

Hel a cells were purchased from American Type Culture Collection (ATCC, Manassas, VA,
USA), and were maintained as described previously [18]. Briefly, cells were cultured in
Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine
Serum (FBS), 5 mM L-glutamine, 50 units/ml penicillin, and 50 pg/ml streptomycin at

37 °C.

2.3 Selection of residues for mutagenesis

Amino acids in the transmembrane region possibly interacting with substrates were
identified based on previously published reports [10, 11, 19-21]. Key amino acids were
identified based on their topological location in the homology model of human P-gp
generated using the mouse P-gp crystal structure (4Q9H.pdb). Only those residues lining the
drug-binding cavity in the transmembrane region were selected. Selected residues (F72,
F303, F314, F336, F732, F759, F770, F938, F942, F983, F994, L339, L975, 1306, and
M949) were mutated to tyrosine using gene synthesis method as described previously [22]
(GeneArt gene synthesis services, Life Technology, Carlsbad, CA).

2.4 Recombinant BacMam and baculovirus generation

2.5 BacMam
P-gp

The Bac-to-Bac Baculovirus Expression System (Life Technologies, Carlshad, CA) was
used to generate recombinant baculovirus and BacMam baculovirus [23, 24]. Briefly, the
Gateway cloning technique was used to transfer WT and 15Y P-gp cDNA into pDest-008
and pDest-652 expression vectors for baculovirus expression and BacMam analysis,
respectively. These expression vectors were then transformed into DH10Bac E. coli to allow
site-specific transposition of the gene of interest into bacmid (the baculovirus shuttle vector).
White clones were then selected and bacmid DNA was purified by alkaline lysis. Bacmid
DNA was then transfected into Sf9 insect cells to generate BacMam baculovirus.

baculovirus transduction of HeLa cells and expression of WT and 15Y mutant

HeLa cells were transduced with the WT or 15Y mutant P-gp BacMam virus at a titer of 35—
50 particles per cell as described previously [17]. Twenty-four hours’ post-transduction, the
cells were harvested and analyzed for cell surface expression and transport function.
Approximately 300,000 WT and 15Y mutant P-gp-expressing cells were analyzed for cell
surface expression by 1-hour incubation at 37°C with control mouse 1gG2a or human P-gp-
specific MRK16 antibody (1 pg per 100,000 cells). These cells were then washed and
incubated with FITC-labeled anti-mouse secondary antibody IgG2a (0.25 g per 100,000
cells). The stained cells were analyzed by flow cytometry using a FACS CANTO Il
instrument, and the data were analyzed using FlowJo software (Tree Star, Inc. Ashland, OR)
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2.6 Transport of fluorescent substrates

The transport function of WT and 15Y mutant P-gp was determined using flow cytometry,
as previously described [17, 23]. Cells were incubated with fluorescent substrates; calcein-
AM (0.5 pM) for 10 min; or TMRE (0.5 uM), TMR chloride (0.5 uM), BD-forskolin (0.5
uM), BD-verapamil (0.5 pM), BD-EDA (0.5 uM), DiOC, (0.5 pM), SYTO 13 (0.5 pM),
daunorubicin (4 uM), BD-paclitaxel (0.5 uM), BD-prazosin (0.5 uM), LDS-751 (0.5 uM),
cell tracker orange (0.5 uM), rhodamine123 (1.3 pM), dihydrorhodamine 123 (1.3 pM),
NBD-CsA (0.5 pM), and BD-vinblastine (0.5 pM) for 45 min. After incubation at 37°C with
fluorescent substrates, cells were washed with cold PBS and re-suspended in cold PBS
containing 1% BSA. The accumulation of substrates was measured with respect to the
untransduced cells. The MFI of WT P-gp expressing cells is subtracted from untransduced
cells and is taken as a 100% efflux for all transport experiments. Transport efficacy of 15Y is
also calculated with same method and presented as percent of WT.

2.7 Efflux rate of NBD-CsA and BD-verapamil

HeLa cells (300,000/tube) expressing WT or 15Y mutant P-gp were incubated with 20 mM
2-deoxyglucose, and 5 mM sodium azide in 2 ml of DPBS without glucose for 10 min at
37 °C to deplete ATP from the cells. Then NBD-CsA or BD-verapamil (0.5 pM final
concentration) was added to the same medium in each tube and incubated at 37 °C for
another 20 min [25]. After incubation, cells were then washed with ice cold DPBS (PBS
with ImM MgCl, and 0.1 mM CacCly) and chilled on ice. The efflux of the substrates was
initiated at 37°C by the addition of 2 ml of PBS containing 50 mM glucose, 0.1 mM CaCl,,
and 1 mM MgCl,. The efflux was allowed to continue for 0, 1, 3, 6, 10, 20, and 30 min. The
cells were then washed with cold PBS and analyzed after resuspending them in PBS with
1% BSA by flow cytometry. The MFI of untransduced cells for each time point is
considered as 100%.

2.8 Preparation of total membranes from High-Five insect cells

High-Five insect cells (Invitrogen, Carlsbad, CA) were infected with recombinant
baculovirus carrying WT or 15Y mutant P-gp with a 6XHis-tag and TEV site at the C-
terminal end, as described previously [26]. Membrane vesicles were prepared by hypotonic
lysis of P-gp-expressing High-Five insect cells and differential centrifugation as described
previously [12].

2.9 Photo-crosslinking of WT and 15Y mutant P-gp with [12%]]-lodoarylazidoprazosin

Membranes of P-gp-expressing High-Five insect cells (60-80 ug/100 ul) were incubated in
50 mM MES-Tris buffer pH of 6.8 and 150 mM NacCl for 10 min. Then the samples were
transferred to 4°C under subdued light and 5-7 nM IAAP was added. After 5 min incubation
in ice water, samples were then photo-crosslinked with 365 nm UV light for 10 min. Protein
bands were then separated by gel electrophoresis using 7% Tris-acetate gels and IAAP
incorporation into P-gp bands quantified with a phosphorimager (GE Healthcare, Waldorf,
MD), as reported earlier [27].
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2.10 ATP hydrolysis measurements

ATP hydrolysis was measured in membranes of High-Five cells expressing WT or 15Y
mutant P-gp. Membranes (100-200 ug protein/ml) were incubated in the presence or
absence of sodium orthovanadate (0.3 mM) in a 50 mM MES-Tris pH 6.8 buffer containing
50 mM KCI, 10 mM MgCl,, 5 mM NaNz, 1 mM EGTA, 1 mM ouabain, and 2 mM DTT.
Basal ATPase activity was measured in the presence of DMSO, while drug-modulated
activity was measured in the presence of selected drugs. The reaction was started at 37°C by
addition of 5 mM ATP and after 20 minutes’ incubation, it was stopped by addition of 2.5%
SDS and the level of inorganic phosphate generated was quantified with a colorimetric
method. The vanadate-sensitive ATPase activities were analyzed and plotted with Graph pad
Prism software (version 7) as described previously [28].

2.11 Physico-chemical characterization of substrates and statistical analyses

3. Results

All chemical characterizations, such as molecular weight, LogP3 value, H-bond donor/
acceptor capacity, and surface area were collected from either the PubChem project website
(https://pubchem.ncbi.nlm.nih.gov) or manufacturer’s data sheets. Multivariant analyses
were performed by Microsoft Excel functions, and data were plotted as graphs using
SigmaPlot (Systat, San Jose, CA).

3.1 Substitution of fifteen amino acids with tyrosine in the P-gp drug-binding pocket

P-gp’s polyspecificity, along with lack of a high-resolution P-gp-substrate co-crystal
structure, has hindered the identification of amino acids facilitating drug binding and
transport [24, 29, 30]. So far, mutagenesis and molecular docking techniques are among the
best approaches to identify the role of residues in substrate binding and transport. Co-crystal
structure of mouse P-gp with several QZ-59 cyclopeptide inhibitor derivatives [21], and
PBDE-100 pesticide [31] allowed identification of several key amino acids in the substrate
or modulator binding pocket of mouse P-gp. We further used published bioinformatic and
mutagenesis studies, and generated a list of key amino acids that interact with different
substrates or modulators [11, 17, 20, 32—34]. Additionally, we generated a homology model
of human P-gp based on the refined mouse P-gp crystal structure [10] and further selected
amino acids based on their position and orientation with respect to the drug-binding pocket.
Using this screening method, we identified fifteen key amino acid residues which appear to
be critical for drug binding and transport (Table 1, Figure 1).

Comparing human P-gp amino acid sequence with different animal species, we found that
the selected residues are highly conserved between species (Table 1). In fact, all fifteen of
the residues we selected from human P-gp are 100% identical to Rhesus and Cynomolgus
monkeys as well as to mouse and hamster species. The residues selected for substitution
with tyrosine are located on different helices (Figure 1 A, B) but all are exposed to the
lumen of the drug-binding pocket in the transmembrane region. The fifteen amino acids
mutated to tyrosine include eleven phenylalanines (F72, F303, F314, F336, F732, F759,
F770, F938, F942, F983, F994), two leucines (L339, L975), one isoleucine (1306), and one
methionine (M949).
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3.2 Cell surface and total expression of 15Y mutant P-gp

We have demonstrated high transduction efficacy (>98%) and high expression levels of ABC
transporters using the BacMam baculovirus system in HeLa and other mammalian cells [23].
To test whether extensive tyrosine substitutions affect expression and/or function of this
protein, we utilized the BacMam baculovirus system to express both WT and 15Y mutant P-
gps in HeLa cells. HelLa cells, which don’t express detectable levels of P-gp, were
transduced with BacMam baculovirus carrying WT or 15Y mutant P-gp, as described in the
Materials and Methods section. The Western blot analysis of the whole cell lysate of the
transduced HeLa cells demonstrated almost three-fold more expression of the mature form
of 15Y mutant compared to WT P-gp (Fig. 2A, arrow). Consistent with the increased
expression of 15Y mutant P-gp, it’s immature form is also seen (Fig. 2A, arrowhead)

To determine the cell surface expression of the 15Y mutant, transduced HelLa cells were
incubated with the human P-gp-specific monoclonal antibody MRK-16, which recognizes
the extracellular loops of P-gp [35]. Consistent with the Western blot, flow cytometry
analysis of the stained cells confirmed higher cell surface expression of 15Y mutant P-gp
compared to WT (Fig. 2B). Quantitative analysis demonstrated almost 50% higher cell
surface expression of 15Y mutant P-gp in HeLa cells compared to WT protein (Fig. 2B,
right panel). As the expression of 15Y mutant at the cell surface and total cell level is higher,
it is unlikely due to a change in the affinity for detection by either C219 or MRK-16
antibody (this is further supported by the increased level of the mutant protein even in the
High-Five insect cell membranes, as shown in Fig. 6 A).

3.3 Transport efficacy of 15Y mutant P-gp with fluorescent substrates

For characterization of transport properties of the mutant transporter, we used established
substrates with intrinsic fluorescence as well as several bodipy conjugated substrates
including verapamil, vinblastine, paclitaxel, and prazosin [36, 37] and NBD derivative of
cyclosporine A [38]. In addition, we used other fluorescently labeled compounds described
by Strouse et. al. [39]. To assess the transport efficacy of 15Y mutant P-gp, we measured and
compared the steady-state accumulation of seventeen fluorescent P-gp substrates in WT and
15Y mutant P-gp-expressing HelLa cells by flow cytometry (Fig. 2C and D). As expected,
untransduced Hel a cells, which lack detectable levels of P-gp, have maximal accumulation
of florescent substrates, while HeLa cells expressing WT P-gp actively pump out substrates
and have significantly lower intracellular substrate accumulation. Figure 2C depicts
histograms which represent four different efflux levels of the selected substrates, TMRC,
rhodamine 123, NBD-CsA, and BD-vinblastine. For most of the tested substrates, we
observed efficient transport (more than 75% of WT) by 15Y mutant P-gp (Table 2, TMRC,
BD-verapamil, BD-EDA, TMRE, DiOC, BD-forskolin, calcein-AM, cell tracker orange,
SYTO 13, and daunorubicin). BD-prazosin, LDS-751, rhodamine 123, and
dihydrorhodamine show an intermediate level of transport by 15Y mutant. However, the
intracellular level of BD-paclitaxel and NBD-CsA was slightly less than untransduced cells,
demonstrating that 15Y mutant has decreased ability to transport these substrates. Notably,
there was no detectable transport of BD-vinblastine in 15Y P-gp-expressing cells (Figure 2D
and Table 2). It is quite possible that 15 mutations will affect the interaction with high-
affinity modulators. For this reason, we focused on characterization of the transport function
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of the 15Y mutant using seventeen different substrates, and did not test the combination of a
substrate and a modulator.

In the transport assay described above, the fluorescence level of the cells at indicated steady-
state time points is the net uptake and efflux of the tested substrate. Therefore, to specifically
determine whether increased substrate accumulation is due to the lower efflux rate in 15Y
mutant-expressing cells, but not increased passive or active influx, we depleted ATP from
cells and then loaded them with substrate. Efflux was initiated by adding 50 mM glucose
containing PBS buffer, but without the fluorescence substrate. For this purpose, we depleted
ATP from untransduced, WT and 15Y-expressing cells by incubating the cells in 2-
deoxyglucose and sodium azide, and added BD-verapamil (representing full transport
substrate category) or NBD-CsA (representing little to no transport substrate category). Then
the cells were washed and re-suspended in ice-cold DPBS containing glucose, and incubated
at 37°C for different time points (Figure 3). Consistent with steady-state transport results,
the 15Y mutant was not able to efflux NBD-CsA (Figure 3A), whereas WT was very
efficient with t% (50% efflux) of 2.17 min. However, BD-verapamil was transported at a
comparable level to WT by 15Y P-gp-expressing cells (Figure 3B). The t1/, for BD-
verapamil efflux by WT was approximately 0.37 minutes compared to 0.73 minutes by 15Y
mutant P-gp. These data suggest substrate-specific transport efficacy of 15Y mutant P-gp.

3.4 Modulation of ATPase activity of 15Y mutant P-gp

ATP-binding and hydrolysis is known to provide energy for the conformational changes of
P-gp required to transport substrates. Usually substrate-binding enhances the ATPase
activity of P-gp. However, as noted earlier, this effect is substrate-specific and some
modulators or substrates with higher binding affinity, such as zosuquidar, tariquidar, and
elacridar, inhibit P-gp ATPase activity [17]. In addition to substrates, the P-gp
microenvironment is also known to have an impact on the ATPase activity and transport
ability of P-gp. We have recently described how the membrane and detergent micelle
environment can modulate the ATPase activity of Pgp [40]. To evaluate P-gp ATPase
function, we prepared membranes from High-Five insect cells expressing WT or 15Y mutant

P-gps.

To test whether the transport efficacy of 15Y mutant P-gp is consistent with the rate of ATP
hydrolysis, we measured the ATPase activity of WT and the 15Y mutant in the presence of
different concentrations of selected substrates (Fig. 4). The basal ATPase activity of the 15Y
mutant in the presence of the DMSO solvent alone was slightly higher (35-45 nmol P;/mg
protein/min) than WT P-gp (27-35 nmol Pj/mg protein/min). Comparing the ATPase activity
of P-gp in the presence of TMRC, which is transported efficiently by the 15Y mutant, we
observed a concentration-dependent substrate-mediated stimulation of ATPase activity of
both WT and 15Y P-gps (Figure 4A). Similar but somewhat less stimulation of ATPase
activity of 15Y mutant Pgp is also observed in the presence of verapamil (Figure 4B) and
paclitaxel (Figure C and D). At a very low concentration of paclitaxel (0.01 pM), there is
50% stimulation of 15Y P-gp ATPase activity, which was not further increased by higher
paclitaxel concentration (Figure 4D). On the other hand, as expected, increasing paclitaxel
concentration further increases the ATPase activity of WT P-gp (Figure 4C). These findings
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are consistent with transport data (Figure 2D and Table 2). Both TMRC and verapamil,
transported efficiently by the 15Y P-gp mutant, also stimulated the ATPase activity of this
mutant.

The lack of detectable transport of BD-vinblastine by 15Y P-gp mutant could be due to the
inability of vinblastine to bind to the substrate-binding pocket and/or due to a defect in the
translocation pathway before being released into the extracellular space. For this reason, we
investigated the effect of vinblastine on P-gp ATPase activity. Additionally, we measured the
effect of vinblastine on verapamil-stimulated ATPase activity of both WT and 15Y mutant
P-gp (Figure 5). In the absence of verapamil (filled circles in Figure 5, A and B), we
observed a concentration-dependent increase in ATPase activity of WT P-gp (A). However,
the ATPase activity of 15Y mutant P-gp remains unchanged despite increasing the
concentration of vinblastine (B). These findings correlate with WT and 15Y P-gp transport
function (Fig. 2D and Table 2). In the presence of 5 uM verapamil (unfilled squares in
Figure 5, A and B), which stimulates both WT and 15Y mutant P-gp ATPase activity (Figure
4B), vinblastine increases the ATPase activity of WT P-gp by 25%. However, increasing the
concentration of vinblastine has no effect on verapamil-stimulated 15Y P-gp ATPase
activity, which suggests that most likely the vinblastine does not bind to the 15Y mutant P-

gp.

3.5 Fifteen tyrosine substitutions in the drug-binding pocket decreases the photolabeling
of 15Y mutant P-gp with IAAP

Despite limited mechanistic insight, P-gp drug transport is known to be a multi-step process
that includes drug-binding, ATP hydrolysis, conformational rearrangement, substrate
translocation, substrate release, and resetting the cycle. Selective substrate transport
observed with the 15Y mutant led us to evaluate whether the photolabeling with prazosin
analog is affected.

Since extensive tyrosine substitutions might alter substrate binding sites, we investigated the
drug binding ability of the 15Y mutant using an established photoaffinity labeled substrate.
IAAP is a radiolabeled prazosin analog transported by P-gp [41]. The IAAP can be
irreversibly crosslinked to P-gp by UV irradiation. Comparing the expression level of WT
and 15Y mutant P-gp by colloidal blue gel staining, we observed higher level of 15Y mutant
in High-Five insect cell membranes (Fig. 6A). However, photo labeling of WT and 15Y
mutant P-gp with IAAP revealed a lower level of IAAP incorporation in 15Y mutant protein
than WT P-gp (Fig. 6B, autoradiogram). Normalizing the IAAP incorporation to the protein
expression level, we observed almost 60% lower IAAP labeling of 15Y mutant P-gp (Fig.
6B, right). These data demonstrate that similar to partial transport of Bodipy-prazosin (Table
2), photo labeling of this mutant with IAAP (another prazosin analog) is also decreased.

3.6 Physico-chemical properties and regression analyses revealed a negative correlation
between substrate molecular weight and 15Y drug transport efficacy

Although the 15Y mutant was expressed well at the cell surface of HelLa cells, it was not
able to transport a few of the substrates we tested. To understand the underlying reasons for
this lack of transport, we analyzed the physico-chemical properties of the substrates used for
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transport studies. It is known that a larger polar surface area of a substrate increases the
likelihood that it will act as a hydrogen bond acceptor. Regression analysis of these two
known linked characteristics demonstrated the high positive correlation coefficient value of
0.90 (Fig. 7). Furthermore, comparing several key properties of substrates such as size,
hydrogen bond acceptor and donor capacity, LogP3, and topological polar surface area, we
found a negative correlation (correlation coefficient of —0.56) between the substrate size and
transport efficacy of the 15Y mutant (Fig. 8). The fluorescent substrates with the highest
molecular weight, such as BD-vinblastine (mol. wt. 1043 Da), NBD-CsA (mol. wt. ~1440
Da) and BD-paclitaxel (mol. wt. 1099 Da), were least efficiently transported by the 15Y
mutant. In contrast, small substrates such as TMR chloride (mol. wt. 423 Da) and BP-EDA
(mol. wt. 334 Da) were transported well by 15Y mutant P-gp (Fig. 8). The only exception
was calcein-AM (mol. wt. 998 Da), which despite having a large size, is transported by the
15Y mutant.

4. Discussion

Understanding the molecular mechanism of polyspecificity and transport pathway of Pgp
could strongly enhance rational drug design to overcome resistance mediated by this
transporter in cancer cells. Previously, we reported that substitution of three residues
(Y307A, Q725A and Y953A) to alanine results in loss of binding of high-affinity
modulators to their primary binding site, and we also demonstrated the importance of
hydrogen bonds in inhibition of ATP hydrolysis [17].

Considering the lack of a high-resolution crystal structure of human P-gp, molecular
modeling and mutagenesis are among the best approaches to study the role of residues in the
drug-binding pocket in interactions with substrates and modulators. Since most of the fifteen
selected residues were phenylalanine (11 out of 15), we replaced all residues with tyrosine,
which is similar in structure to phenylalanine, causing subtle changes to P-gp structure while
enhancing hydrogen bond formations. Remarkably, we observed that 15Y mutant P-gp was
expressed at even higher level than WT in HeLa cells. The 15Y P-gp mutant retained its
ability to transport many substrates efficiently. This observation further confirms the high
molecular flexibility of P-gp [11, 42]. These data also suggest that a major alteration of the
drug-binding pocket of P-gp is well-tolerated. To our knowledge, this is the first report
demonstrating that human P-gp can be expressed well with fifteen substitutions in the
transmembrane domains, especially in the drug-binding pocket.

We measured the electrostatic surface potential of the drug-binding pocket region of human
P-gp (Fig. 9) using a plugin that integrates the molecular visualization program with
Adoptive Poisson-Solver(APBS) [43]. Visual examination of the maps of WT and 15Y
mutant P-gp drug-binding pockets clearly revealed a different charge potential landscape in
areas where (non-polar) phenylalanine residues were replaced by polar, hydrophilic tyrosine
(see areas denoted by circles in Figure 9). In these areas, 15Y mutant P-gp has tyrosine
residues with hydroxyl oxygen providing two lone pairs of electrons available for hydrogen
bond formation with H-donor groups of substrate molecules. The high probability of H-bond
formation with large size substrates such as vinblastine (BD-vinblastine), cyclosporine A
(NBD-CsA), and paclitaxel (BD-paclitaxel) supports the results of transport studies.
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Furthermore, we found a negative correlation between substrate size and transport efficacy
by 15Y mutant P-gp. Substrates with large molecular weight (>1000 Dalton) such as BD-
Vinblastine, NBD-CsA, and BD-Paclitaxel, were not transported by 15Y mutant. Our in
vitro ATPase assays further revealed more mechanistic insights into the limited transport
ability of 15Y P-gp. Our data show that vinblastine, at a range of concentrations, had no
effect on 15Y ATPase activity in the presence or absence of verapamil, suggesting
vinblastine’s inability to bind to 15Y P-gp. However, paclitaxel could stimulate 15Y P-gp
ATPase activity at very low concentrations, which suggests that paclitaxel binds to P-gp but
does not progress efficiently through translocation pathway(s) and/or release from the 15Y
mutant P-gp. To our knowledge, this is the first report demonstrating the role of residues in
the drug-binding pocket in recognition of the size of substrates. As P-gp plays an important
role in the pharmacokinetics and bioavailability of several classes of drugs in addition to
anticancer agents, further studies with natural product and small molecule modulators are
required.

Among the fifteen selected residues substituted with tyrosine in 15Y mutant P-gp, there are
four phenylalanines (F303, F336, F732, F983), which have been previously reported to bind
to different QZ-59 cyclopeptide derivatives [21]. Additionally, a recent co-crystal structure
of mouse P-gp also reported two more conserved phenylalanine residues, F314 and F759,
which are important for binding and transport of PBDE-100 pesticide [31]. Our findings
suggest that replacing these six key phenylalanines (F303, F314, F336, F732, F759, and
F983) with tyrosine has minimal effect on transport of small to medium size substrates. As
described in the introduction section, there is a large body of published work describing the
role of various residues in the drug-binding pocket by substitution of one or two of them at a
time. The near normal function of 15Y mutant P-gp with a major alteration of the drug-
binding pocket demonstrates that the effect of one individual residue is compensated by
changes in other residues interacting with the substrates. The 15Y mutant has six mutated
residues located in TMD1 and nine in TMD2. The generation of mutants with either six
substitutions in TMD1 or nine in TMD2 will be useful to assess the role of each TMD of the
transporter and to narrow the number of residues contributing to substrate size
determination.

Taken together, these results provide new and important insight into the role of aromatic and
hydrophaobic residues in the drug-binding pocket for binding and transport of substrates by
P-gp. Although the structural information gained from mutants such as 15Y P-gp will be
very informative, further studies are needed to determine the specific residue(s) responsible
for binding and transport of large substrates such as vinblastine, cyclosporine A and
paclitaxel.
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Non-standard abbreviations

P-gp P-glycoprotein

ABC ATP-binding cassette
MDR multidrug resistance

NBD nucleotide-binding domain
TMD transmembrane domain
IAAP [1251]iodoarylazidoprazosin

TMRC tetramethylrosamine chloride

DMEM Dulbecco’s modified Eagle’s Medium

FBS fetal bovine serum
IMDM Iscove's Modified Dulbecco's Medium
MFI mean fluorescence intensity

BLAST Basic Local Alignment Search Tool

WT wild type
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Fig. 1. Schematic presentation of the location of fifteen residues mutated in 15Y mutant P-gp
The homology model of human P-gp was built based on the mouse P-gp crystal structure

(4Q9H.pdb). Schematic presentation of WT and 15Y mutant P-gps, generated by PyMOL.
(A) Side view of 15Y P-gp protein (top). The N-terminal transmembrane domain and NBD1
and C-terminal transmembrane domain and NBD2 of P-gp are highlighted in green and
cyan, respectively. The fifteen residues which are replaced by tyrosine are shown in sphere
format in red. The expanded bottom view depicts location of 15 tyrosine residues in the
transmembrane drug-binding pocket. (B) The residues in the transmembrane region of WT
protein selected for substitution and after replacement with tyrosine residues in 15Y mutant
are shown in stick format at top and bottom, respectively. The protein backbone is in grey
color. Mutated residues and helices are labeled. Helices 2, 3, 4, 9, and 10 were deleted for

clarity.
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Fig. 2. Characterization of expression and transport function of 15Y mutant P-gp in HelLa cells
(A) Total expression: Whole cell lysates from untransduced HeLa cells, WT, 15Y BacMam

Baculovirus-transduced HeL a cells were prepared and the lysate of equivalent number of
cells (3x10% cells) was loaded per lane. The immunoblots were analyzed for P-gp using
€219 monoclonal antibody (arrow and arrowhead indicate positions of mature and immature
P-gps, respectively), and GAPDH as the loading control (bottom) (B) Cell surface
expression of WT and 15Y mutant P-gps were compared in HeLa cells transduced with
BacMam baculovirus carrying WT or 15Y mutant P-gp. After 24 h post-infection, the cells
were harvested and stained with human P-gp-specific monoclonal antibody MRK-16
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(compare black and red traces in the histogram, left) and quantification of expression is
given in the bar graph (right). (C) WT and 15Y mutant P-gp expressing HeLa cells were
incubated with fluorescent substrates and their respective mean MFI values were compared.
Untransduced cells were used as control. Representative histograms show steady-state
transport of four fluorescent substrates with most (TMRC, left) to least efficient (BD-
vinblastine, right) by 15Y mutant P-gp in HeLa cells. (D) Transport efficacy of 15Y mutant
P-gp for tested fluorescent substrates. MFI of WT P-gp expressing cells were subtracted
from the one for untransduced cells and the difference was taken as 100% transport activity
(dotted horizontal line). Transport efficacy of the 15Y mutant was calculated similarly and
the values (mean = SD) are presented in the waterfall bar graph. BD-Vinblastine (not shown)
was not transported by the 15Y mutant. Data represent the mean * SD of five independent
experiments.
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Fig. 3. Time course of the efflux of NBD-cyclosporine A and Bodipy-verapamil by WT and 15Y
Mutant P-gp
(A) HeLa cells expressing WT or 15Y mutant P-gp were first depleted of ATP by incubating

with PBS containing 20 mM 2-deoxyglucose and 5 mM sodium azide for 20 min at 37°C
and further incubated for 20 min with 0. 5 uM NBD-CsA (A) or BD-verapamil (B) in the
same medium. The cells were then washed at 4°C with ice-cold PBS and incubated at 37°C
with PBS supplemented with 50 mM glucose, 0.1 mM CaCl,, and 1 mM MgCl, and the
fluorescence intensity of cells was measured at different time points (0, 1, 3, 6, 10, 20, and
30 min) post-incubation. For each time point MFI of WT and 15Y was determined as
percent of untransduced cells (which was taken as 100%). The time required for 50% loss of
fluorescence (ty, min) values were calculated using GraphPad Prism version 7.0. Each data
point represents the mean + SD of four independent experiments.
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Fig. 4. Effect of selected substrates on ATPase activity of WT and 15Y mutant P-gp
High-Five insect cell membranes (100 ug protein/ml) expressing WT (filled circles) or 15Y

mutant (unfilled squares) P-gp were incubated with DMSO (for basal activity), or various
concentrations of the selected drugs, TMR chloride (A), verapamil (B), and paclitaxel (C).
For clarity ATPase activity of paclitaxel at low concentrations is depicted separately in panel
D. Substrates were selected based on their transport efficacy in Figure 2 and Table 2. TMRC
and verapamil represent substrates which are efficiently transported, and paclitaxel
represents the substrates with little to no transport. The ATPase activity was measured as
described in the Materials and Methods section. Briefly, all drug stimulated ATPase
activities were normalized to its vanadate control, and the basal ATPase activity was taken as
zero. Each data point represents the mean £ SD. (three independent experiments). The data
were fitted to the Michaelis-Menten curve using GraphPad Prism 7.0.
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Fig. 5. Effect of vinblastine on ATPase activity of WT and 15Y P-gp mutant in the presence and
absence of verapamil

High-five insect cell membranes (100 pg protein/ml) were incubated with DMSO (for basal
activity), or various concentrations of vinblastine (0, 0.5, 1, 2.5, 5, and 10 uM) in the
presence (white squares) and absence of 5 uM verapamil (black filled circles). Vinblastine
stimulated WT (A), but not 15Y mutant P-gp (B) ATPase activity in a concentration-
dependent manner (compare filled black curves in A and B). We also measured the effect of
vinblastine on verapamil-stimulated ATPase activity of both WT (A) and 15Y mutant P-gp
(B) (compare the white squares). In both panels, the activities in the absence of vinblastine
were taken as 100%. Each data point represents the mean + SD. of three independent
experiments. The data were fitted to the Michaelis-Menten curve using GraphPad Prism 7.0.

Biochem Pharmacol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vahedi et al. Page 21

~\ A
ka &0 S 6
198 — ! 120 -
!
) | [« P-gp — ‘* S 100
98_ | -.(__U‘
o & 801
82
62—=" S5 o]
X
- o 4] [
1 <
- ! 20 1
38_ 1 ‘
B | - 0 T
WT 15Y

Fig. 6. 15Y mutant P-gp exhibits decreased incorporation of photoaffinity substrate IAAP
Equal amounts of high five insect cell membranes expressing either WT or 15Y mutant P-gp

(75 pg protein) were photo-crosslinked with IAAP (5-7 nM) as described in Materials and
Methods. After 5 minutes, the samples were exposed to UV light for 10 min to crosslink
bound IAAP to Pgp. Then the samples were prepared for electrophoresis. Labeled 30 pg
protein was loaded per lane and the gels were stained for protein with colloidal blue dye,
dried and scanned. Representative protein stained gel in (A) and an autoradiogram of the
same gel in (B) is shown. The incorporation of IAAP in WT and 15 Y mutant P-gp was
normalized to P-gp level in the stained gel (A) from three independent experiments (mean +
SD; bar graph on the right).
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Fig. 7. Positive correlation between the polar surface area of substrates and the total number of
hydrogen bond acceptor of the substrates

The positive correlation between polar surface area and total number of hydrogen bond
acceptor (cross correlation coefficient of 0.90). Polar surface area and total hydrogen bond
acceptor groups of each substrate were exported from the PubChem website and their
correlations were calculated with Excel.
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TMRC
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Fig. 8. Negative correlation between size of substrates and their transport by 15Y mutant P-gp
Physico-chemical characterization of tested substrates revealed a negative correlation

between molecular size and transport level of each substrate by 15Y mutant P-gp. The X
axis of plot is the transport level (Fig. 2 and Table 2) and the Y axis is the molecular weight

of the substrates. Correlation coefficient value is —0.56. Each shape represents one

fluorescent substrate (list given on the right).

Biochem Pharmacol. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Vahedi et al.

A

Page 24

Fig. 9. Electrostatic surface potential of wild-type and 15Y mutant P-gp
(A) Electrostatic surface potential of the N-terminal (TM5/Y310-side) (A) and C-terminal

(TM11/Y953-side) (B) halves of WT and 15Y mutant P-gps’ drug-binding pocket.
Homology models of human WT and 15Y mutant P-gps were built using the X-ray structure
of mouse P-gp (4Q9H.pdb)[21] as a template. The TM5/Y 310 side contains helices TM3,
TM4, TM5, TM6, TM7, TM8 and NBD1, while the TM11/Y 953 side contains helices TM1,
TM2, TM9, TM10, TM11, TM12 and NBD?2. The results of the calculations are shown as
color-coded electrostatic surfaces with potential scale ranges from -8 KbT/ec (red) to 8
KbT/ec (blue). The central figure shows the surface of 15Y mutant P-gp in white, with red
spots indicating the location of the hydroxyl-oxygen atoms of the tyrosine residues
introduced in the mutant. The ovals indicate the areas where the introduced tyrosine residues
significantly change the electrostatic landscape.
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Steady-state transport function of 15Y mutant P-gp with seventeen fluorescent substrates

Table 2

Fluorescent substrate | % Transport (mean + SD) | Transport efficiency
TMR Chloride 1215
BD-Verapamil 116+4
BD-EDA 108 £9
TMRE 100+ 3
DioC 94 +3
Full transport (>75%)
BD-Forskolin 93+12
Calcein-AM 88+ 15
Cell Tracker Orange 83+6
SYTO 13 82+5
Daunorubicin 79+11
BD-Prazosin 717
LDS-751 70+11
Partial transport (30-75%)
Rhodamine 123 66 +5
Dihydrorhodamine 63+ 12
BD-Paclitaxel 29+15
NBD-CsA 22+9 Little to no transport (<30%)
BD-Vinblastine No detectable transport

Page 26

Substrates were grouped into three categories based on their transport level when compared to WT; Full transport (>75%), Partial transport (30—
75%), and little to no transport (<30%). The transport assays were carried out as described in the Materials and Methods section, and mean + SD
values are from four or more independent experiments. TMR, tetramethylrhosamine, BD-EDA, Bodipy-FL-4,4-difluoro-5,7-dimethyl-4-bora-3a,

4a—diaza-s-indacene-3-propionyl ethylenediamine, hydrochloride. TMRE, tetramethylrhodamine ethyl ester perchlorate. DiOC2, 3,3’-

Diethyloxancarbocyanine iodide. Cell tracker orange CMTMR, (5-(and-6)-(((4-chloromethy)benzyol)amino)tetramethylrhodamine). LDS-751,

quinolinium, 6-(dimethylamino)-2-[4-[4-(dimethylamino)phenyl]-1-ethyl, perchlorate. NBD-CsA, [N-e(4-nitrobenzofurzan-7-yl)-d-lys

cyclosporine A.
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