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Abstract

P-glycoprotein (Pgp) is a multidrug resistance transporter that limits the penetration of a wide
range of neurotherapeutics into the brain including opioids. The diphenylpropylamine opioids
methadone and loperamide are structurally similar, but loperamide has about a 4-fold higher Pgp-
mediated transport rate. In addition to these differences, they showed significant differences in
their effects on Pgp-mediated ATP hydrolysis. The activation of Pgp-mediated ATP hydrolysis by
methadone was monophasic, while loperamide activation of ATP hydrolysis was biphasic
implying methadone has a single binding site and loperamide has two binding sites on Pgp.
Quenching of tryptophan fluorescence with these drugs and digoxin showed competition between
the opioids and that loperamide does not compete for the digoxin binding site. Acrylamide
quenching of tryptophan fluorescence to probe Pgp conformational changes revealed that
methadone-and loperamide-induced conformational changes were distinct. These results were
used to develop a model for Pgp-mediated transport of methadone and loperamide where opioid
binding and conformational changes are used to explain the differences in the opioid transport
rates between methadone and loperamide.
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INTRODUCTION

The blood-brain barrier (BBB) is an intricate network of highly selective cells that protect
the brain from toxic insults.> The ATP binding cassette (ABC) transporter P-glycoprotein
(Pgp) is highly expressed on the apical surface of the BBB.1~3 Pgp is a highly promiscuous
protein that effluxes a structurally and chemically diverse range of compounds away from
the brain into the bloodstream.3-> While this function is critical for neurohomeostasis and
for preventing the penetration of toxic insults, Pgp’s role at the BBB prevents the entry of
many neurotherapeutics and represents a formidable hurdle to drug development.6-8 Over
the last three decades, considerable effort has been made to improve penetration of drugs by
inhibiting Pgp, but this has been unsuccessful in the clinic because of unforeseen toxicity.
9-11 As a result, there has been considerable interest in the pharmaceutical industry to
identify the molecular features of drugs that drive Pgp-mediated transport.

Most of our structural understanding of Pgp comes from X-ray crystallography and a cryo-
electron microscopy study.>-12-17 Previously determined X-ray crystal structures of mouse
Pgp revealed a 140 kDa monomer consisting of twelve transmembrane helices and two
nucleotide binding domains (NBDs).>:13-16 The NBDs lie in the interior of the cell and bind
ATP, resulting in large conformational changes that bring the NBDs together, as seen in the
analogous bacterial transporters.>1318.19 Tyvelve transmembrane helices create an enormous
6000 A3 binding cavity capable of binding chemically diverse molecules and multiple
substrates simultaneously.>13.20.21

The diphenylpropylamine opioid neurotherapeutic drug class has been used to manage pain
and is designed to target the p-opioid receptors in the central nervous system (CNS).22:23
Unfortunately, penetration of some diphenylpropylamine opioids into the CNS is stymied by
Pgp-mediated efflux.24-27 On the extremes are the diphenylpropylamine opioids loperamide
and methadone. Loperamide has extremely poor penetration into the CNS as a result of Pgp
efflux.25 An Jin vitro study in MDR1-transfected cells found that loperamide had relatively
high Pgp-mediated transport with efflux ratios ranging from 6.5 to 9.9.428.29 Several /n vivo
studies have demonstrated Pgp-mediated transport of loperamide. Pgp-knockout mice had
more than a 10-fold higher level of loperamide in their brains than wild-type.3%:31 Both rats
and humans have shown elevated levels of loperamide in the presence of the Pgp-specific
inhibitor cyclosporine A (CsA).32 In contrast, the diphenylpropylamine derivative
methadone shows very good penetration into the CNS and the brain and is used for
treatment of opioid addiction despite its structural similarities to loperamide (Fig. 1).23:33
Methadone was found to inhibit Pgp-mediated efflux of rhodamine-123 and calcein-AM in
Caco-2 and HEK?293 cells.34:35 Methadone has also been shown to be transported by Pgp in
Pgp-transfected cells and had efflux ratios around 2 that decreased in the presence of a Pgp
specific inhibitor.28 Transport has also been demonstrated in vivo with Pgp knockout mice
having greater than a 3-fold methadone accumulation in the brain versus wild type.23:30.31

Because of large differences in the transport properties of methadone and loperamide, this
study represents an opportunity to bridge gaps in the understanding of neurotherapeutic drug
transport by Pgp. In this study, we examined the effect of these drugs on Pgp-mediated ATP
hydrolysis. Their interactions with Pgp were probed by fluorescence spectroscopy and an
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NMR technique known as saturation transfer double difference (STDD) NMR. Finally, drug-
induced Pgp conformational changes were investigated through acrylamide quenching of
tryptophan fluorescence. These results and previous transport studies23:28:30.31 were used to
create conformationally-driven model of diphenylpropylamine opioid transport by Pgp.

EXPERIMENTAL

Materials

Methods

Loperamide was purchased from MP Biomedicals (Santa Ana, CA). Digoxin, ethylene
glycol tetraacetic acid (EGTA), and imidazole were purchased from Alfa Aesar (Tewksbury,
MA\). The detergent n-dodecyl-B-D-maltoside (DDM) was purchased from EMD Millipore
Corporation (San Diego, CA). Cholesterol, disodium ATP, and Tris-HCI were purchased
from Amresco (Solon, OH). Escherichia (E.) colitotal lipid extract powder was purchased
from Avanti Polar Lipids Inc (Alabaster, AL). Dithiothreitol (DTT) was purchased from
Gold Biotechnology (Olivette, MO). Deuterated dithiothreitol was purchased from CDN
Isotopes (Quebec, Canada). HEPES and acrylamide were purchased from Calbiochem (San
Diego, CA). Deuterium oxide was purchased from Cambridge Isotope Laboratories, Inc
(Tewksbury, MA). Sodium orthovanadate (NazVO,4) was purchased from Enzo Life Sciences
(Farmingdale, NY). Ammonium chloride (NH,4CI), deuterated dimethyl sulfoxide, and
methadone were purchased from Sigma-Aldrich (Milwaukee, WI). All remaining chemicals
used in this study were purchased from Thermo Fischer Scientific (Waltham, MA).

Purification and Reconstitution of Pgp—The His-tagged wild type mouse Pgp
(Abcbla, MDR3) was overexpressed in Pichia pastoris and purified as previously described
in two steps with nickel-nitrilotriacetic acid (Ni-NTA) (Thermo-Fischer Scientific) and
diethylaminoethyl cellulose (DEAE) resin (Thermo-Fischer Scientific).36:37 Pgp solubilized
in n-dodecyl-p-D-maltoside (DDM) was reconstituted into 400 nm liposomes using a
previously described procedure.38-40 Liposomes consisted of 80% wt/vol Avanti Total £.
Coli Lipid Extract (Avanti Polar Lipids, Alabaster, AL) and 20% wt/v cholesterol with a
lipid-to-protein ratio of 0.16 mg ml~1 38-41 The Avanti Total £, Coli Lipid Extract was
chosen because Pgp reconstituted with the lipid has high ATP hydrolysis activity and has
been used in many investigations of human and mouse Pgp e.g.374243 The 20% wt/v
cholesterol was added to the lipid mixture to improve Pgp’s ATPase activity.#144 To create
the liposomes, lipids and cholesterol were dissolved in 10 ml of chloroform to a
concentration of 10 mg ml~L. The solution was evaporated using a Buchi Rotovap Model
R-114 (Buchi) to remove the chloroform. The resulting dried lipid film was resuspended in
10 mL of 0.1 mM EGTA and 50 mM Tris-HCI (pH 7.4). The solution was freeze-thawed in
liquid nitrogen at least 10 times. Liposomes were extruded using a LIPEX extruder with a
400 nm cutoff filter 11 times (Northern Lipids). DDMsolubilized protein (~100 puM) was
dialyzed against HEPES buffer (20 mM HEPES, 100 mM NaCl, 5 mM MgCl,, 2 mM DTT,
pH 7.4) for 2 h to remove excess free detergent. The DDM-solubilized Pgp and liposomes
were then combined to a final concentration of ~50 pM and 4 mg ml~1, respectively, and
incubated for one hour at room temperature. This was followed by a second dialysis for two
hours against HEPES buffer to promote integration of Pgp into liposomes. Aliquots of
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prepared proteoliposomes were stored at —80°C in HEPES buffer. Protein concentration was
determined using an extinction coefficient of 1.28 ml mg=! cm™1.36 The purity of Pgp
determined through SDS-PAGE analysis was greater than 95%.37-38 Experimental trials for
these studies were performed on proteoliposomes from both the same and different batches.
No significant batch-dependent differences were observed between the experimental trials
(data not shown).

ATPase Activity Assay—The ATPase activity assay developed by Chifflet, et. al. was
employed to determine the Pgp-mediated ATP hydrolysis in the presence of methadone and
loperamide as we did previously.38-40 Experiments were performed on a FlexStation 3
spectrometer (Molecular Devices, Sunnyvale, CA), as previously described.38-4045 The free
inorganic phosphate (#;) was measured through the formation of the £-molybdenum
complex, which has a strong absorbance signal at 850 nm. The ATPase activity of
methadone and loperamide was measured in the presence of 50 nM Pgp reconstituted into
liposomes in Chifflet buffer (150 mM NH4CI, 5 mM MgSQy,, 0.02% wt/vol NaN3, 50 mM
Tris HCI, pH 7.4).38-40.45

Nonlinear regression was used to fit the ATPase kinetics curves, as this type of analysis is
more accurate than traditional linear regression models such as Lineweaver-Burke, Hans-
Woolf, and Eadie-Hofstee plots.*6-50 The Pgp-coupled ATP hydrolysis curves were fit in
Igor Pro 6.2 software (Wavemetrics, Tigard, OK). For monophasic Pgp-coupled ATP
hydrolysis, the modified Michaelis-Menten equation (Eq. 1) was used®%:51:

_ max!L] 1
V=% v " Vowa @

where vis the ATP hydrolysis rate, Vj,,y is the maximum ATP hydrolysis, /L]is the ligand
concentration, K, is the Michaelis-Menten constant, and Vs i the basal ATPase activity.
For curves showing biphasic ATP hydrolysis kinetics, the substrate inhibition equation (Eq.
2) was used?051:

where Kjis the inhibitory constant.

Fluorescence Quenching—Intrinsic protein fluorescence quenching can be used to
measure dissociation constants of ligands to Pgp.38:39:52.53 An QOlis DM 45
spectrofluorimeter (Olis Corp., Bogart, GA) was used to measure the drug-induced
quenching of protein fluorescence. A 10 nm bandpass filter was put on the excitation and
emission paths of the spectrofluorimeter to remove Rayleigh bands from the fluorescence
emission spectra. Samples contained 1 uM Pgp reconstituted into liposomes in 100 mM
potassium phosphate buffer (pH 7.4) with 2 mM DTT to prevent protein aggregation,38-40
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Protein fluorescence emission was measured between 300 to 500 nm with an emission
maximum around 333 nm after excitation at 280 or 295 nm.>* The wavelengths 280 and 295
nm were chosen for excitation of digoxin and methadone, respectively, because Pgp showed
the greatest quenching response to the drugs at these wavelengths. Drug-induced
fluorescence quenching was corrected (Fgorrecteq) Tor background fluorescence, dilution, and
inner filter effects using Equation 338:54;

(Eexbex + Eembem)

= (F = B)10 2 ! ®)

F corrected —

where Fis the measured protein fluorescence at 333 nm, Bis the background, e is the
extinction coefficient for excitation (&g,) and emission (e), £is the pathlength for
excitation (bgy) and emission (b,;), and /Q] is the quenching ligand concentration.
Extinction coefficients for methadone, loperamide and digoxin are listed in Table S1. The
fluorescence emission spectra that were used as background in calculations using Eq. 3 were
produced from samples containing the solvent and the drug. Subtracting this spectra
removed potentially interfering weak spectral contributions from Raman scattering
emanating from the solvent.>®

Protein fluorescence quenching can occur by two mechanisms: static or dynamic. Static
quenching occurs when a ligand complexes with the protein and is directly related to ligand
affinity to the protein.>* Conversely, quenching caused by random collisions between ligand
and the protein is known as dynamic quenching.>* To distinguish between the two
mechanisms, protein fluorescence quenching titrations were performed at different
temperatures as described previously.38:39:54 The following version of the Stern-Volmer
equation (Eq. 4) was used to fit the corrected fluorescence (Fcorrecteq) 0Ff monophasic
fluorescence quenching curves38:54:

F corrected, 0

F corrected — 1+ KSV[Q] +F unquenched (4)

where Fppprecteq, o is fluorescence without a quenching ligand, K is the Stern-Volmer
constant, [Q] is the concentration of quenching ligand, and £guencheq is an offset related to
the ungquenched fluorescence. Biphasic fluorescence quenching curves were fit with
Equation 5:

FL 0 FH 0
F = > d +F (5)
corrected — ] 4 KSV L[Q] 1+ KSV H[Q] unquenched

where F; pand Fy pare the fluorescence amplitudes at low and high quenching ligand
concentration, respectively. Ksy,; and Kg)/4are the Stern-Volmer constants at low and high
ligand concentration, respectively.
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Acrylamide quenching is a technique that is used to probe changes in the solvent
accessibility of tryptophan residues as a result of the protein undergoing conformational
changes.39:5254.56.57 Acrylamide is a polar molecule that cannot penetrate into lipid bilayers
or the hydrophobic interior of proteins such as Pgp.>8 Fluorescence emission of Pgp
reconstituted into liposomes was monitored at 333 nm after excitation at 295 nm. Samples
contained 1 UM Pgp reconstituted into liposomes in potassium phosphate buffer (pH 7.4)
with 2 mM DTT. Fluorescence intensities were corrected with Equation 3 for inner filter
effects and background. Stern-Volmer plots were produced by plotting Feoprected o/ Feorrected
versus acrylamide concentration. The slope of these curves was used to estimate the degree
of acrylamide quenching with the slope equal to Ks\/by Equation 638:54:

F
corrected, 0 =1+ KS\/[Q] (6)

corrected

To determine if there were significant deviations between the individual trials, analysis of
covariance approach (ANCOVA) was performed on each set of Stern-Volmer plots.> The p-
values for the slopes of each group were >>0.05 indicating that they were not significantly
different (data not shown). To analyze the differences between the mean and standard
deviations of the K, values in Fig. 6, a two-tailed Student’s unpaired t-test was performed
as described.>? Statistical p-values <<0.05 indicate that the K values are significantly
different, while p-values >>0.05 indicate that the K, values are similar. The statistical
analysis on the Stern-Volmer plots was performed using GraphPad Prism 7 (GraphPad
software, San Diego, CA).

Saturation Transfer Double Difference NMR—AII NMR experiments were performed
at 25°C on a Var ian INOVA 600 MHz NMR spectrometer with a 5 mm z-gradient 1H{13C/
15N} cryoprobe. The TH NMR peaks for methadone and loperamide were assigned using
standard 1H 1D NMR techniques in iNMR (http://www.inmr.net) and Igor Pro 6.2 as
previously described.38-40 The 1H NMR peak assignments for methadone and loperamide
are shown in Figure S1.

Saturation transfer difference NMR is a technique used to identify ligand functional groups
that interact with a protein receptor.38:49.60 This is done by selectively saturating the protein
and measuring the degree of saturation transfer from protein to ligand.59-62 In a
reconstituted liposome system such as the one used in these studies, saturation transfer
between lipid and ligand can contribute to the STD *H NMR spectrum.80:62 By subtracting
the STD NMR spectrum of drug in the presence of liposomes from the STD NMR spectrum
of a drug in the presence of protein reconstituted liposomes, this contribution can be
removed, yielding the saturation transfer double difference (STDD) spectrum which reflects
the specific saturation between the protein receptor and the ligand.39:61.63.64 This NMR
technique was used to identify functional groups of loperamide and methadone that are
involved in molecular recognition of Pgp.

NMR samples contained 1 uM Pgp reconstituted liposomes in 100 mM potassium phosphate
buffer (80% D,0), and 1 mM drug. Control samples were prepared identically with
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liposomes instead of proteoliposomes.®3 A 2s train of 50 ms gaussian saturation pulses was
used to selectively excite the protein.®? To suppress water background signals, the water
signal was suppressed by the water suppression by gradient tailored excitation
(WATERGATE) pulse sequence.®® Difference spectra were acquired by irradiating Pgp on
resonance at —1.5 ppm and off resonance at 40 ppm for a total of 512 scans.38:39 The STDD
1H NMR spectrum was created by subtracting the STD spectrum of the control liposome
sample with drug from the STD spectrum of the reconstituted Pgp sample with the drug.
This difference (4/) directly relates to the interactions between drug functional groups and
the protein. The STDD amplification factor was calculated from Equation 738:

STDD Amplification Factor = L1 AL (7
[P] I,

where /L] is the ligand concentration, /P/is the protein concentration, and /yis the
amplitude of the IH NMR peaks in the absence of radio frequency saturation.

ATPase activation of Pgp by methadone and loperamide

Methadone and loperamide were expected to have significantly different effects on Pgp-
mediated ATPase activity because of differences in their transport rates.23:28:30.31 These
effects on Pgp-mediated ATP hydrolysis are shown in Figure 2. In the absence of drug, the
basal ATPase activity was 536 + 78 nmol min~! mg~1, which correlates with previous
observations.3840 Figure 2A shows the ATPase activation of Pgp in the presence of
loperamide. The loperamide-induced ATPase activation kinetics of Pgp was biphasic
implying that there were at least two loperamide binding sites on Pgp as suggested for other
drugs.38:66.67 The kinetics exhibited an apparent maximum around 800 nmol min~1 mg=1 at
7.8 UM loperamide that decreased to ~400 nmol min~1 mg1 at saturating (500 uM)
loperamide. Biphasic ATP hydrolysis kinetics is a common drug-induced effect on Pgp-
mediated ATP hydrolysis and has been observed previously with several drugs including
verapamil, lidocaine, and quinidine.39:66:68.69 Fitting this curve with Equation 2 yielded
Viuax: Km and K;values of 963 + 44 nmol min~? mg™1, 1.6 + 0.4 uM and 108 + 27 uM
respectively. In contrast, the kinetics of the methadone-induced activation of ATP hydrolysis
were monophasic and reached a maximum velocity ~800 nmol min~1 mg~! at saturating
(500 uM) methadone (Fig. 2B). From Equation 1, a Vj,4xand a K, for methadone was
determined of 810 + 19.3 nmol min~t mg=1 and 19.1 + 4.0 uM, respectively. The
monophasic ATP activation kinetics of Pgp in the presence of methadone implies that it has
a single binding site on Pgp. Multiple drug binding by loperamide versus a single binding
site for methadone could partially explain the higher transport rate of loperamide.

Competition studies of methadone and loperamide investigated by intrinsic protein
fluorescence quenching by Pgp

Due to differences in their transport?® and their effects on ATP hydrolysis kinetics (Fig. 2),
methadone and loperamide were hypothesized to occupy distinct sites on the transporter. To
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test the hypothesis, the interactions of these drugs were probed by drug-induced
fluorescence quenching of intrinsic Pgp fluorescence.>? Consistent with this hypothesis,
loperamide did not quench intrinsic Pgp fluorescence, while methadone did (data not
shown). These differences in quenching allowed us to examine the effects of loperamide on
binding of methadone to Pgp in Figure 3.

The methadone-induced Pgp fluorescence quenching in the absence of loperamide is shown
in Figure 3A. The protein fluorescence reached a maximum at 333 nm, which decreases
40% at saturating concentrations of methadone. The peak amplitudes at 333 nm corrected
for inner filter effects were plotted as a function of methadone concentration in Figure 3B.
After correcting for inner filter effects, the decrease in quenching is reduced to 20% at
saturating methadone. Quenching of Pgp protein fluorescence by methadone was
monophasic (Fig. 3B), and fitting to Equation 4 yielded a K value of 0.0137 + 0.0022 uM
=1 which corresponds to a Kpof 72.7 + 11.7 uM (Kp=1/Ks). Figure 3C shows the effect
of 7.8 UM loperamide on methadone binding to Pgp. Fitting of the monophasic fluorescence
quenching curve in Figure 3C revealed that the K increased to 356.3 £ 10.8 uM, implying
that loperamide competitively displaces methadone from Pgp. The ~5-fold increase of
methadone’s Kpat low loperamide concentration implies that the loperamide binding
associated with the lower K, was displaced by methadone. In the presence of 500 uM
loperamide (Fig. 3D), the Kpincreased further to 1424.6 + 317.5 pM. The fact that the Kp
increases approximately twenty-fold in the presence of loperamide is consistent with overlap
between methadone and loperamide binding sites on Pgp. However, having the same binding
site seems contradictory to their differences in transport rates, their effects on ATPase
activity, and their respective quenching effects of Pgp. An alternative hypothesis is that
loperamide shifts Pgp into a conformation that is not favorable for methadone binding,
causing displacement of methadone. In other words, loperamide shifts Pgp into a
conformation that is distinct from the Pgp conformation in the presence of methadone.

The location of the loperamide and methadone binding sites on Pgp are unknown. Using the
fact that loperamide does not quench Pgp fluorescence and that digoxin is hypothesized to
bind near G181 (G185 in human Pgp) on Pgp38:70, the effects of loperamide on digoxin
binding were examined in Figure 4. Figure 4A shows the Pgp fluorescence emission spectra
in the presence of a range of digoxin concentrations, which decreases 20% at saturating
digoxin concentration. The inner filter effect corrected protein fluorescence amplitudes at
333 nm in panel A were plotted against digoxin concentration in Figure 4B. As previously
observed38, the digoxininduced quenching of Pgp fluorescence curve was monophasic.
Fitting the protein fluorescence quenching curve to Equation 4 yielded a Kp of 32.0 + 13.4
UM. Upon the addition of 7.8 uM loperamide (Fig. 4C), fitting to Equation 4 produced a Kp
of 44.0 £ 11.8 uM that was changed little by the presence of loperamide. At saturating (500
UM) loperamide, the digoxin Pgp fluorescence quenching curve becomes biphasic in Figure
4D. The fluorescence quenching curve was fit to Equation 5, which produced a K/, value
of 4.59 + 2.10 uM~L and K5y, 0f 0.0241 + 0.0108 pM~2. To determine the quenching
mechanism of the two phases, the titration was repeated at higher temperature as we did
previously.38 At the higher temperature, K\ value increased while the Kg/. value
decreased, suggesting that digoxin quenches the low concentration phase by a dynamic
quenching mechanism and quenches the high concentration phase by a static quenching
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mechanism (data not shown). In this case, the K/ value associated with the high
concentration phase correlated to the association constant (K4) and the Kp (i.e. 1/K,) of
digoxin to Pgp. Fitting the curve to Equation 5 resulted in a Kpvalue of 41.5 + 18.5 UM,
which was essentially unchanged from the K at other loperamide concentrations. The fact
that the Kpwas unchanged and the quenching of Pgp fluorescence by digoxin becomes
biphasic in the presence of saturating loperamide suggests that loperamide and digoxin are
bound to the transporter simultaneously and implies that they occupy distinct binding sites
on the transporter.

Identification of functional groups on methadone and loperamide that interact with Pgp

Because of their effects on Pgp-mediated ATP hydrolysis and large differences in their
transport rates?3:28:30.31 e wondered how the interactions of methadone and loperamide
differed with Pgp. Therefore, these interactions were investigated using the saturation
transfer double difference (STDD) NMR technique, which has been successfully used to
examine drug-Pgp interactions and can identify functional groups of the ligand that interact
with the transporter.38-40.60.63

Figure 5 shows the STDD NMR spectra of methadone and loperamide. The 1H NMR peaks
of the drugs were labeled according to the molecular structures shown in Figure 1. Figure
5A shows the 1H STDD NMR spectrum of 1 mM methadone in the presence of 1 uM Pgp
reconstituted into liposomes. The STDD amplification factors in Figure 5B were calculated
using the STDD amplitudes in Figure 5A and Equation 7. No 1H STDD NMR peaks were
observed for protons labeled 1, 2, 4 and 5, suggesting that there were no significant
interactions between these nuclei and the transporter (see Fig. 1 for labeling scheme). The
strongest STDD amplification factors (~20) were observed for the aromatic protons labeled
7-9 and the methyl group labeled 6. The methyl protons labeled 3 had an STDD
amplification factor that was half the methyl group labeled 6, implying that its interactions
are weaker. Overall, the average STDD amplification factor for methadone was ~10. The
methyl group labeled 6 and the protons from the aromatic rings of methadone seem to have
the strongest interaction with the transporter.

Figures 5C shows the STDD NMR spectrum of 1 mM loperamide in the presence of 1 M
Pgp reconstituted into liposomes. Using Equation 7, the STDD amplitudes from Figure 5C
were used to calculate the STDD amplification factors in Figure 5D. The average STDD
amplification factor of loperamide is ~30, which is three times larger than methadone. This
increased saturation transfer may be the result of multiple loperamide binding to Pgp. Like
methadone, the aromatic protons labeled 9-13 had relatively large STDD amplification
factors around 30. Exchanging equatorial and axial protons labeled 5,8 and 5,8* of the
piperidine ring had the largest and smallest STDD amplification factors, respectively. In
contrast, the differences in the STDD amplification factors for the exchanging equatorial and
axial protons labeled 6,7 and 6,7*, respectively, on the opposite end of the piperidine ring
were considerably smaller. These large and small differences in the STDD amplification
factors imply that Pgp selectively interacts with specific conformations of the piperidine
functional group. Unlike methadone, the STDD amplification factors for methyl protons
labeled 1 and 2 were very similar. The STDD amplification factors were also similar for the
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alkyl protons labeled 3 and 4. Although the phenyl groups of loperamide and methadone
play a common role in their recognition of Pgp, their overall interactions of methadone and
loperamide with Pgp are quite distinct.

Methadone- and loperamide-induced conformational changes of Pgp

To explain apparent competition between loperamide and methadone, an alternative
hypothesis was proposed that the apparent competition was the result of loperamide shifting
Pgp into a different conformation than methadone. To test the hypothesis, drug-induced Pgp
conformational changes were probed by changes in tryptophan accessibility through
acrylamide quenching.3840 Quantitatively, the changes in Pgp conformation and tryptophan
accessibility were estimated with a K5, value (Eqg. 6), which is determined from the slope of
a Stern-Volmer plot.38-40.54 The Stern-Volmer plots of Pgp in the presence of loperamide
and methadone are shown in Figure 6. In the absence of drug, the slope of the Stern-\Volmer
plot had a Ky, value of 1.88 + 0.20 M1 (Fig. 6A, closed squares), which is similar to
previous results.38-40 The tryptophan analog N-acetyl-L-tryptophanamide (NATA) was used
as a positive control representative of complete tryptophan accessibility and it produced a
Ky value of 14.2 + 0.32 M1 (Fig. 6A, dashed line) in the presence of a range of
acrylamide concentrations. The large difference in K values between Pgp and NATA are
consistent with the fact that only 3 of the 11 tryptophan residues on the transporter are
accessible and exposed to bulk solvent in the X-ray crystal structure of Pgp.’1:72

In the presence of 7.8 uM loperamide (Fig. 6B), the slope decreased to a K value of 0.851
+0.002 M1 suggesting that the bound loperamide reduces solvent accessibility of
tryptophan, which could occur by occlusion of the binding site cavity to bulk solvent. The
effect of saturating 500 uM loperamide concentration on acrylamide quenching of Pgp is
shown in Figure 6C. The K value determined from the slope of the Stern-Volmer plot
increased about 1.4 M~1t0 2.25 + 0.17 M1 (Fig. 6C) (p-value<<0.001, Fig. 6C vs. Fig. 6B),
which is consistent with an increase in solvent accessibility. This K value was similar to
the Ky value in the absence of drugs (p-value =0.0711, Fig. 6C vs. Fig. 6A) implying that
they have similar conformations. In contrast, in the presence of saturating 500 pM
methadone, the K5, value from the Stern-Volmer plot was significantly higher at 3.65
+0.21 M~1 (Fig. 6D). This K\ value was significantly larger than the other K\ values (p-
values << 0.001) suggesting that the Pgp conformation with saturating methadone was
indeed distinct from the Pgp conformation with loperamide (Figs. 6B and 6C) or without
ligands present (Fig. 6A).

DISCUSSION

A number of Pgp-mediated transport models have been proposed to explain the observed
drug efflux.39:40.73-76 partitioning and alternating site models have been proposed where
drugs occupy different sites on Pgp during efflux.”374 Models were suggested where the
ligand is cooperative with other ligands and/or ATP during transport.3%75 In addition, there
have been conformationally-gated models of Pgp-mediated transport proposed.40:76

The process of transport can be inhibited by several mechanisms as well including
competitive’’:78, non-competitive’”:"8 and uncompetitive’® or a combination.38 Inhibition
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has been proposed to fix Pgp into discrete conformations.80 Pgp transport inhibition has also
been shown to be cooperative’881 or accompanied by activation of ATP hydrolysis.8°
Moreover, Pgp inhibitors can potentially undergo transport themselves.82.83

A model of Pgp-mediated transport for methadone and loperamide is presented in Figure 7
that is conformationally-gated and based on competition between these drugs. In our
previous studies38-40, we found it useful to model Pgp in three conformations: “closed”,
“intermediate”, and “open”. In the “open” conformation, Pgp is in a similar conformation as
the Pgp X-ray crystal structures (e.g. ®) with the substrate cavity exposed to the cytosolic (C)
side. In the “closed” conformation, the NBDs are in contact and the transporter’s substrate
cavity is exposed to the extracellular (EC) space in a conformation that is similar to the
analogous bacterial transporter with a non-hydrolyzable ATP analog.18:19 In the
“intermediate” conformation, Pgp is between the “open” and “closed” conformations, with
the binding cavity exposed to both the EC and C sides of the transporter.

Acrylamide quenching of Pgp fluorescence indirectly probes conformational changes
through estimates of tryptophan accessibility.38:52.57 Differences in acrylamide quenching of
Pgp in the presence of drugs can suggest distinct drug-bound Pgp-conformations. Higher
K\, values suggest Pgp conformations that are more exposed to bulk solvent (i.e. “open”),
while lower K values suggest more occluded Pgp conformations. The dominant drug-
bound Pgp conformation will be dependent on the drug’s affinity to the transporter and its
concentration. To convincingly assign Pgp conformations, the relative interaction between
the NBDs needs to be known. Luckily, activation of Pgp-mediated ATPase activity is related
to the interaction of NBDs, since NBD interaction is a requirement for ATP hydrolysis.84-88
The combined information helped us assign these conformations as we did previously.38-40

X-ray crystal structures of Pgp in the absence of drugs show the transporter in an “open”
conformation with NBDs separated.® Therefore, Pgp is shown in this conformation in Figure
7A. Loperamide is proposed to have two binding sites on Pgp in Figure 7C because it
induces biphasic ATPase activation of the transporter (Fig. 2). At low concentrations of
loperamide, the K\ value decreased (cf. Fig. 6A and 6B), suggesting a shift toward a more
occluded conformation. The Kg value was almost identical to values that were determined
for Pgp in the presence of non-hydrolyzable nucleotide analogs.3%:°7 With non-hydrolyzable
nucleotides, Pgp was hypothesized to be in an “intermediate” Pgp conformation.3°
Therefore, in the presence of 7.8 UM loperamide, Pgp is shown in an “intermediate”
conformation in Figure 7B, where the NBDs are relatively close together and the activation
barrier for Pgp-mediated ATP hydrolysis is reduced. Because loperamide causes significant
activation of Pgp-mediated hydrolysis (Fig. 2), the drug binding site was posited near the
NBDs but not overlapping with the digoxin binding site, since Fig. 4 shows that loperamide
and digoxin do not compete with each other. The loperamideinduced activation of ATPase
activity and the Kgy value of Pgp with saturating loperamide was similar to the ATPase
activity and Kgy, value of Pgp in the absence of ligands (Fig. 2). Therefore, Pgp is shown in
an “open” conformation in Figure 7C with two loperamide molecules bound to the
transporter. Because there is a reduction in Pgp-mediated ATP hydrolysis in the presence of
saturating loperamide, one might expect the transport rate to also decrease. An in vitro study
in Caco-2 cells in fact showed that transport was highest at 5 UM loperamide and was
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inhibited at 100 uM loperamide.8? Inhibition of Pgp at high loperamide concentration is
consistent with the clinical observation that elevated loperamide doses cause opiate effects
on the CNS.%0 Furthermore, both 7 vitro and in vivo studies have shown that verapamil
competitively inhibits loperamide transport by Pgp, which implies that they occupy
overlapping binding sites on the transporter.89:91.92 |n a previous study from our group,
verapamil was proposed to occupy a low affinity site on Pgp near the digoxin binding site
and a high affinity site on the EC side of the transporter.38 In our model, we propose that
loperamide occupies similar positions on Pgp as verapamil but does not overlap with the
digoxin binding site. However, since loperamide already occupies a binding site near the
NBDs at low concentration in our model, we hypothesize that the second loperamide
occupies a site near the EC side of the transporter in Figure 7C like inhibitors in the Pgp X-
ray crystal structures.>93 In this configuration, the low affinity loperamide could
conceptually function as a “wedge” to separate the NBDs as is implied by the location of
inhibitors in the Pgp X-ray crystal structures.>93

Conversely, the K value of Pgp in the presence of saturating methadone was about double
the K value in the absence of ligands (cf. Fig. 6D and Fig. 6A). This suggested that the
binding site cavity was more exposed to the bulk solvent with methadone than without
methadone. If Pgp was in an “open” conformation with the binding cavity exposed to the C
side and the NBDs separated, one would expect Pgp-mediated ATPase activity to be
inhibited. On the other hand, if Pgp was in a “closed” conformation with the binding cavity
exposed to the EC side and the NBDs together, one would expect Pgp-mediated ATPase
activity to be activated. Since there was significant activation of ATP hydrolysis activity by
Pgp in the presence of saturating methadone, we propose that Pgp is in the “closed”
conformation with methadone. Because of differences in transport and ATPase activity, we
also propose that methadone binds near the NBDs, but not overlapping with the loperamide
binding sites. In our model, the apparent competition between loperamide and methadone is
the result of loperamide shifting Pgp into a conformation that is unfavorable to methadone
binding. Because methadone exhibited relatively modest Pgp-mediated transport or inhibited
transport,28:30:35 we hypothesize that methadone locks Pgp into a “closed” conformation
similar to the model proposed for Pgp inhibition by tariquidar.8°

Since this investigation was performed on mouse Pgp, we wondered if the proposed
transport model in Fig. 7 applied to human Pgp. There are significant differences in the
expression and substrate specificity between mouse and human Pgp.94.95 For isolated brain
microvessels, the expression level of mouse Pgp was more than two-fold higher than human
Pgp.2* Also, in a study with 640 Pgp substrates with human and mouse Pgp, the efflux ratios
differed more than 3-fold for a third of the them.%> However, a study focused on a diverse
range of CNS drugs including loperamide found that their efflux ratios differed by less than
2-fold.% In addition, methadone had an efflux ratio for human Pgp expressing mammalian
cells of ~2,28 which was very close to the brain uptake clearance ratio of 2.6 for mice.%” At
least for Pgp-mediated transport of loperamide and methadone, we anticipate that the
proposed transport model in Fig. 7 will be similar for human Pgp.

Despite their molecular similarity, the interactions of methadone and loperamide with Pgp
are quite distinct. Pgp-mediated ATP hydrolysis Kinetics in the presence of the drugs suggest

J Pharm Sci. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibbs et al.

Page 13

that loperamide has two binding sites and methadone has a single binding site. These drugs
also shifted Pgp into distinct conformations and provide a mechanism to explain the
apparent competition between loperamide and methadone. This information combined with
previous transport studies?3:28:30:31 Jead to a conformationally-gated model for
diphenylpropylamine opioid transport by Pgp (Fig. 7). These studies are the first to describe
a detailed molecular mechanism of opioid transport by Pgp. We anticipate that these results
will aide in identifying neurotherapeutics that are Pgp substrates and will be useful for
neurotherapeutic drug development.
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ABBREVIATIONS
ABC ATP-binding cassette
BBB blood-brain barrier
C cytosolic
CNS central nervous system
DDM n-dodecyl-B-D-maltoside
DEAE diethylaminoethyl cellulose
DTT dithiothreitol
EC extracellular
EGTA ethylene glycol tetraacetic acid
Ka association constant
Kp dissociation constant
Ksy Stern-Volmer constant
NATA N-acetyl-L-tryptophanamide
NBD nucleotide-binding domain
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NMR nuclear magnetic resonance
Pgp P-glycoprotein
STD saturation transfer difference
STDD saturation transfer double difference
WATERGATE water suppression by gradient tailored excitation
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Figure 1.
The molecular structures of (A) loperamide and (B) methadone with protons labeled.
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Figure 2.
Loperamide and methadone induced ATPase activation of Pgp. Pgp activation in response to

varying concentrations of (A) loperamide and (B) methadone. The fits are shown as a solid
line with the data average of three experiments and standard deviation as solid dots and bars,
respectively.
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Figure 3.

Methadone-induced fluorescence quenching of Pgp in the presence of loperamide. (A) Pgp
fluorescence spectra in the presence a range of methadone concentrations after excitation at
295 nm at 25°C. Pgp emission data at 333 nm as a fu nction of methadone concentration
after correction for inner filter effects and background (Eg. 3) in the presence of (B) 0 uM,
(C) 7.8 uM, and (D) 500 uM loperamide. The data points represent the average of three
experiments and the standard deviation is shown with error bars.
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Digoxin-induced fluorescence quenching of Pgp in the presence of loperamide. (A) Pgp
fluorescence spectra in the presence of a range of digoxin concentrations after excitation at
280 nm at 25°C. Pgp emission data at 333 nm as a functi on of digoxin concentration after
correction for inner filter effects and background (Eg. 3) in the presence of (B) 0 uM, (C)
7.8 UM, and (D) 500 uM loperamide. The data points represent the average of three
experiments and the standard deviation is shown with error bars.
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Figure 5.
The interactions of methadone and loperamide with Pgp investigated by STDD NMR.

Representative STDD NMR spectrum of (A) methadone and (C) loperamide. Peak numbers
correspond to labels of protons in Figure 1. Data from panels (A, C) were used to calculate
the STDD amplification factors (Eq. 7) in panels (B, D).
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Methadone- and loperamide-induced conformational changes of Pgp. (A) The Stern-Volmer
plot of Pgp in the absence of drug (solid squares, solid line) and NATA (dashed line). Stern-
Volmer plots of Pgp in the presence of (B) 7.8 UM loperamide and (C) 500 pM loperamide,
respectively. (D) Stern-Volmer plot of Pgp with 500 UM methadone. For convenience, the
slope of the Stern-Volmer plot without changes (Panel A) is presented as a dashed line in the
other panels. These data are the average of three experiments (black squares) and the

standard deviation is shown as error bars.
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Figure 7.
Conformationally-gated model of methadone and loperamide transport by Pgp. Pgp

conformations are represented as “open”, “intermediate”, and “closed”. Methadone and
loperamide are represented by grey circles and grey squares, respectively. Panels show (A)
Pgp in the absence of drug, Pgp with (B) 1 loperamide and (C) 2 loperamide molecules
bound, and (D) Pgp with 1 methadone molecule bound. White arrows indicate the degree of
transport by Pgp.
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