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Abstract

P-glycoprotein (Pgp) is an ATP-dependent efflux transporter and plays a major role in anti-cancer
drug resistance by pumping a chemically diverse range of cytotoxic drugs from cancerous tumors.
Despite numerous studies with the transporter, the molecular features that drive anti-cancer drug
efflux are not well understood. Even subtle differences in the anti-cancer drug molecular structure
can lead to dramatic differences in their transport rates. To unmask these structural differences,
this study focused on two closely-related anthracycline drugs, daunorubicin (DNR), and
doxorubicin (DOX), with mouse Pgp. While only differing by a single hydroxyl functional group,

To whom the correspondence should be addressed: Arthur G. Roberts, Ph.D., Pharmaceutical and Biomedical Sciences Department,
University of Georgia, 240 W. Green St., Athens, GA 30602, Tel: 706-542-7787; Fax: (706) 542-5358., audie@uga.edu., Gavin M.
King, Ph.D., Department of Physics and Astronomy, University of Missouri-Columbia, 223 Physics Building, Columbia, MO 65211.,
Tel: 573-882-3217; Fax: 573-882-4195, kinggm@missouri.edu.

Author contributions

PHN, AGR, and GMK conceived and coordinated the study and wrote the paper. AGR and PHN purified the Pgp, measured Pgp-
mediated ATPase activity, wrote related sections, and designed Figs. 1-4. GMK, KGS, and KPS performed the AFM experiments,
wrote related sections, and designed Figs. 5-7. GAKM performed some of the ATPase activity measurements and the acrylamide
quenching experiments at 16 uM and 500 uM drug. PHN, GMK, and AGR designed the conformational distribution model shown in
Fig. 8 and wrote the related sections. All the authors approved the final version of the manuscript.

Credit Author Statement

Phuong Nguyen: Visualization, Investigation, Formal Analysis, Writing- Original Draft, Writing- Reviewing and Editing. Krishna
Sigdel: Visualization, Investigation, Formal Analysis. Katherine Schaefer: Visualization, Investigation, Formal Analysis. Gershon
Mensah: Visualization, Investigation, Formal Analysis, Validation. Gavin King: Supervision, Funding acquisition, Project
Administration, Visualization, Formal Analysi, Mentorship, Writing-Reviewing and Editing. Arthur Roberts: Supervision, Funding
acquisition, Project Administration, Visualization, Formal Analysis, Mentorship, Writing- Reviewing and Editing.

Conflicts of interest
The authors declare that they have no conflicts of interest with the contents of this article.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al. Page 2

DNR has a 4 to 5-fold higher transport rate than DOX. They both non-competitively inhibited
Pgp-mediated ATP hydrolysis below basal levels. The K, of Pgp-mediated ATP hydrolysis
extracted from the kinetics curves was lower for DOX than DNR. However, the dissociation
constants (Kps) for these drugs determined by fluorescence quenching were virtually identical.
Acrylamide quenching of Pgp tryptophan fluorescence to probe the tertiary structure of Pgp
suggested that DNR shifts Pgp to a “closed” conformation, while DOX shifts Pgp to an
“intermediate” conformation. The effects of these drugs on the Pgp conformational distributions in
a lipid bilayer were also examined by atomic force microscopy (AFM). Analysis of AFM images
revealed that DNR and DOX cause distinct and significant shifts in the conformational distribution
of Pgp. The results were combined to build a conformational distribution model for anthracycline
transport by Pgp.
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1. Introduction

P-glycoprotein (Pgp) is a member of the ATP binding cassette (ABC) transporter
superfamily and can efflux a chemically and structurally diverse range of drugs from the
cytosol (C) to the extracellular (EC) space of cells [1-3]. Although the exact molecular
transport mechanism remains to be elucidated, Pgp-mediated efflux is believed to involve
the coordinated interplay of drug binding, ATP hydrolysis, and conformational changes
[3,4]. Pgp expression is significant in about 50% of cancers [5-7]. Therefore, the effluxing
of cytotoxic drugs by the transporter is a major driver of anti-cancer drug resistance in
cancerous tumors [8-10]. Complicating matters, the cancer treatment itself can upregulate
the transporter expression in these tumors leading to reduced efficacy of the
chemotherapeutics and higher cancer mortality [e.g. 5,11]. Even silent synonymous genetic
polymorphisms of the transporter can significantly affect the pharmacokinetics and the
efficacy of cancer treatment [12]. To combat Pgp-mediated anti-cancer drug resistance,
attempts have been made to design specific transporter inhibitors to improve the sensitivity
of resistant tumors to anti-cancer drugs [13-16]. Unfortunately, these drugs have had limited
success in the clinic due to their lack of specificity and because they often have unacceptable
toxicity [13,17]. Another strategy to combat anti-cancer drug resistance is to design anti-
cancer drugs that are poor Pgp substrates. Unfortunately, the functional groups of drugs that
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make good transporter substrates are not well defined. For these reasons, there is
considerable interest in identifying the molecular factors that drive anti-cancer drug transport

by Pgp.

The anthracycline antibiotics are a class of anti-cancer drug that is widely used in human
chemotherapy [18]. Statistics showed that anthracyclines are used to treat a substantial
portion of the cancer population, including about 32% of breast cancer patients, 70% of
elderly lymphoma patients, and 60% of childhood cancer survivors [19]. The drugs have a
tetracyclic aglycone structure of four cyclohexane chains with a daunosamine sugar moiety
[18]. The primary anti-cancer drug function is to intercalate into double-stranded DNA
within cancer cells [20,21]. The interaction of the DNA intercalated drugs with
topoisomerase |1 leads to double-stranded DNA breaks and cell death [19,20,22,23].
Unfortunately, cancer cells become resistant to anthracycline drugs because of the
overexpression of Pgp [6,7,24]. The Pgp-mediated transport rate also varies widely between
therapeutics of this drug class [25].

Fig. 1 shows the molecular structures of the anthracyclines, daunorubicin (DNR), and
doxorubicin (DOX). Despite differing by a single hydroxyl functional group, these drugs
show significant differences in their Pgp-mediated transport rates. The transport rate for
DNR in the K562/DNR leukemia cell line expressing Pgp was significantly higher than
DOX [26]. In human Pgp expressing K562/ADR leukemia cells, the active efflux of the anti-
cancer drug was 5-fold higher for DNR than DOX [27]. In an S1(1.1)4gpcell line stably
transfected with Pgp, there was almost a 4-fold difference in their transport rates between
DNR and DOX [25]. Unfortunately, these studies were unable to resolve exactly why there
were differences in their Pgp-mediated transport rates.

This study bridges gaps in knowledge of anthracycline transport by Pgp. In this study, we
examined their effects on Pgp-mediated ATP hydrolysis and their affinity to the transporter.
Anthracycline-induced changes in the Pgp conformation were investigated by fluorescence
spectroscopy and atomic force microscopy (AFM). The AFM experiments were particularly
informative because it allowed us to monitor the extracellular (EC) and cytosolic (C)
domains of the transporter in a lipid bilayer [28]. These experiments represent the first time
that drug-induced conformational changes have been monitored directly in a lipid bilayer for
any mammalian transporter. These results, combined with previous transport studies [25—
27], allowed us to define a mechanism of anthracycline transport.

2. Materials and Methods

2.1 Reagents

Daunorubicin hydrochloride and doxorubicin hydrochloride were purchased from
BIOTANG Inc. (Lexington, MA). Cholesterol, Tris-HCI, and disodium ATP were purchased
from Amresco (Solon, OH). Dithiothreitol (DTT) was purchased from Gold Biotechnology
(Olivette, MO). Ethylene glycol tetraacetic acid (EGTA), and imidazole were purchased
from Alfa Aesar (Tewksbury, MA). Escherichia (E.) colitotal extract lipid and £. coli polar
extract lipid were purchased from Avanti Polar Lipids Inc. (Alabaster, AL). The detergent 7+
dodecyl-B-D-maltoside (DDM) was purchased from MilliporeSigma (Formerly, EMD
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Millipore Corporation) (Burlington, MA). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), and acrylamide was purchased from MilliporeSigma (Formerly, Calbiochem)
(Burlington, MA). Sodium orthovanadate (Na3VVO,4) was purchased from Enzo Life Sciences
(Farmingdale, NY). All remaining chemicals were purchased from ThermoFisher Scientific
(Waltham, MA).

2.2 Expression, Purification, and Reconstitution of Pgp

The his-tagged wild type mouse Pgp (Abcbla, MDR3) was purified from Pichia (R) pastoris
using nickel-nitrilotriacetic acid (Ni-NTA) (Thermo Fisher Scientific) followed by
diethylaminoethyl cellulose (DEAE) resin (Thermo Fisher Scientific) [29,30]. Pgp
solubilized by DDM was reconstituted into 250 nm liposomes using the previous procedure
so that the nucleotide-binding domains (NBDs) projected outside [31]. Liposomes were
prepared with lipid-to-protein ratio of 6.25 uM Pgp (mg ml~ lipid)~1 using 80% wt/vol
Avanti Total £. coli Lipid Extract (Avanti Polar Lipids) and 20% wt/vol cholesterol [31-33].
A thin lipid film was created by evaporating the mixture of lipid extract and cholesterol
dissolved in chloroform. Rehydration of the dried lipid film in 0.1 mM EGTA and 50 mM
Tris-HCI buffer following by ten cycles of freeze-thaw in liquid nitrogen generated
liposomes of various sizes. These liposomes were extruded through a 400 nm filter by
LIPEX extruder to create normal distribution of liposomes with an average size of 250 nm.
Detergent-solubilized Pgp was dialyzed in HEPES buffer (20 mM HEPES, 100 mM NaCl, 5
mM MgCl,, 2 mM DTT, pH 7.4) for 2 hours to remove excess detergent. Dialyzed-protein
was incubated with the extruded liposome for an hour and dialyzed for another 2 hours to
make proteoliposomes. The concentration of protein reconstituted in liposome was
determined with the DC Protein Assay Kit Il (Bio-Rad, Hercules, CA).

2.3. ATPase activity measurements of Pgp

The ATP hydrolysis mediated by Pgp was determined using the Chifflet method as
previously described [31,34]. The assay was performed on a FlexStation 3 spectrometer
(Molecular Devices, Sunnyvale, CA) in the presence and absence of DNR and DOX. The
Chifflet assay detects the inorganic phosphate (~) following ATP hydrolysis by Pgp. In the
Chifflet assay, inorganic phosphate forms a complex with molybdenum resulting in the
absorbance signal at 850 nm. The ATPase activity of DNR and DOX was measured in the
presence of 50 nM Pgp reconstituted in liposomes in Chifflet buffer (150 mM NH4CI, 5 mM
MgSQy, 0.02% wt/vol NaN3, 50 mM Tris-HCI, pH 7.4) [34-37].

The Pgp-mediated ATP hydrolysis kinetics was fit by nonlinear regression using Igor Pro 6.2
software (Wavemetrics, Tigard, OK), as done previously [e.g., 31,36]. Monophasic ATPase
kinetics curves were fit with the modified Michaelis-Menten equation, where vis the ATP
hydrolysis rate, V4 is the maximum ATP hydrolysis rate at saturating drug, [L] is the ligand
concentration, K, is the Michaelis-Menten constant, and v,/ 1S the basal ATPase activity
in the absence of the drug [38].

Vsat[L]
v= m + Upasal (1)
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2.4. Pgp affinity measurements by fluorescence quenching

Quenching of intrinsic protein fluorescence has been used to measure the dissociation
constants of Pgp and various ligands [e.g., 31,39,40]. This technique was utilized to measure
the binding affinity between Pgp and anthracycline drugs. Protein fluorescence emission was
recorded between 300 and 500 nm with an emission maximum at around 330 nm after
excitation at 295 nm using an Olis DM 45 spectrofluorimeter (Olis Corporation, Bogart,
GA) [41]. Proteoliposome samples for the fluorescence experiments contained 1 pM Pgp
and 100 mM potassium phosphate buffer with 2 mM DTT to prevent protein aggregation
[31,36]. Fluorescence quenching of Pgp by the drugs was corrected for background, volume,
and inner filter effects using the following equation [39,41].

€exbex + €embem[Q]

Feorrected = (F - B)IO 2 @

where Fis the measured protein fluorescence at 330 nm, Bis the background, [{] is the
ligand concentration, &gy, £0m bexand by, are the extinction coefficients and pathlengths for
excitation and emission, respectively. The extinction coefficients at 295 nm and 330 nm for
DNR were 7.8 mM~tcm™1 and 1.0 mM~1cm™1, respectively. The extinction coefficients for
DOX at 295 nm and 330 nm were 6.9 mM~cm™ and 0.8 mM~1cm™1, respectively. The
extinction coefficient of Pgp was 0.092 uM~1 cm™1 at 295 nm and was transparent at 330
nm. At 1 uM Pgp in a narrow 1 mm pathlength cuvette, the absorbance contribution will
have a negligible effect on the F.orecteq SO this contribution was ignored.

Quenching of protein fluorescence can occur by static and dynamic mechanisms. A static
quenching mechanism is the result of a complex between the drug and the protein receptor
[41]. In contrast, the dynamic quenching of fluorescence occurs because of random
collisions between the drug and the protein receptor [41]. The two fluorescence quenching
mechanisms can be differentiated by looking at the effect of different temperatures on the
titration curves [41]. The corrected fluorescence (Fgorrecteq) OF @ monophasic fluorescence
quenching curve was fit to the modified Stern-Volmer equation:

F corrected,(
Feorrected = HK—SV[Q] Funquenched (©)]

where Feorrectedo 1S the fluorescence in the absence of a quencher, Fypguencheqis an offset
related to unquenched fluorescence, K/ is the Stern-Volmer constant, and [{]] is the
concentration of quencher.

Acrylamide quenching of protein fluorescence is a technique used to probe the
conformational changes in protein by changes in solvent accessibility of fluorescent amino
acids, such as tryptophans [41-43]. Acrylamide can specifically probe solvent accessible
amino acids because it is a polar molecule that cannot diffuse through the lipid bilayer and is
excluded from the hydrophobic core [41-43]. Typically, in these experiments, protein
fluorescence is measured at 330 nm after excitation at 295 nm with a range of acrylamide
concentrations [e.g., 31,44,45]. Unfortunately, the absorbance bands of DNR and DOX have
significant overlap with the protein absorbance at 295 nm leading to significant interference
from fluorescence by these drugs. To minimize fluorescence interference from these drugs,
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the protein was excited at 280 nm. Exciting at this wavelength will have fluorescence
contributions from phenylalanine and tyrosine, as well as tryptophan. The values were
corrected for background, volume, and inner filter effects using Eq. (2). The extinction
coefficients for DNR and DOX at 280 nm was 8.55 Mm~1 cm~1 and 6.32 mM~1 cm™,
respectively. Because of the relatively low concentration of protein (i.e., 1 uM) with respect
to the drugs’ concentrations, the protein’s contribution to the absorbance was considered
negligible. To determine the maximum protein fluorescence, a mixture of the 11 uM
tryptophan analog r-acetyl- ~tryptophanamide (NATA), 36 uM tyrosine, and 67 uM
phenylalanine that correlates to their relative concentrations in 1 uM Pgp were used. These
amino acid concentrations were based on the primary amino acid sequence of mouse Pgp,
which has 11 tryptophans, 36 tyrosines, and 67 phenylalanines. The Stern-Volmer plot was
generated by plotting Fooprecteqof Feorrectes VETsUS acrylamide concentration. The Kg value,
estimated from the slope of the plot, reflects the degree of tryptophan accessibility to solvent
as described previously [41].

2.5. Atomic force microscopy imaging and analysis

Atomic force microscopy (AFM) is a technique initially developed to measure the curvature
and other physical properties of solid-state sample surfaces [46]. Recently, it has been
adapted for analysis of protein dynamics and protein structure, which allows investigation of
protein conformational changes induced by drugs [28,46]. Pgp reconstituted in liposome was
diluted to a concentration of 100 nM in imaging buffer (20 mM HEPES, 100 mM NaCl, 5
mM MgCl,, pH 7.4). A volume of this solution was then deposited on a freshly cleaved mica
surface (Grade v1; Ted Pella, Redding, CA) and incubated for 45 minutes at ~30°C, which
allows the proteoliposomes to rupture and form a planar lipid bilayer on the top of the mica
surface. After imaging ligand-free Pgp (apoPgp), 500 uM DNR or 100 uM DOX was added
to the buffer. These drug concentrations were chosen to be at least five times larger than the
Kpor K. AFM imaging of the EC-side and C-side domains of Pgp protruding from lipid
bilayer were performed as previously described [28]. Only protrusions in the AFM images
that could be positively identified as EC or C-side domain features of Pgp were used for the
analysis.

To demonstrate that the drug-induced shifts in the Pgp conformation were significant, a
statistical bootstrapping approach was applied to the height distributions [47]. In the
bootstrapping method [47], data is deleted and randomly replaced by resampled data to
produce a new distribution. The statistical approach was applied to all the datasets, and the
mean and standard error of the mean (SEM) were calculated. This information is shown as
insets in the corresponding figures.

All images were obtained in imaging buffer at 32°C in tapping mode using a commercial
instrument (Asylum Research Cypher, Santa Barbara, CA) and tips (BL-AC40TS, Olympus,
Tokyo, Japan) with an estimated tip-sample force < 100 pN, which minimizes the
probability of protein distortion. The protrusions in AFM images of proteoliposome were
analyzed using custom software written in Igor Pro 7 (Wavemetrics, Portland, OR), as
described previously [28,48]. Smoothed histograms were generated in Igor Pro 7 using
kernel density estimation with Epanechnikov kernels.
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3. Results

3.1. Effects of DNR and DOX on Pgp-mediated ATP Hydrolysis

Fig. 2 shows the effect of DNR and DOX on Pgp-mediated ATPase activity in the presence
of 3.2 mM ATP. In the absence of drugs, basal ATPase activity of Pgp was 586 = 6 nmol min
~1 mg~1, which is consistent with previous studies [e.g., 31,37]. In the presence of the non-
competitive inhibitor NagVVOy4 [31,49], the ATP hydrolysis activity was reduced to 119 £ 5
nmol min~1 mg~2, which is similar to previous measurements [e.g., 31]. The difference
between the vp45,and the Pgp-mediated ATPase velocity in the presence of NazVVO, gives a
Na3VOy sensitive Vs, for Pgp of 467 + 8 nmol min~1 mg~1, which is similar to what we
was obtained previously [31]. The kinetics for ATPase activity were monophasic for both
two drugs, suggesting that each drug has a single binding site on the transporter. The curves
in Figs. 2A and 2B were fit to Eq. (1) to determine the ATPase velocity with saturating drug
and the K, values. For DNR in Fig. 2A, the V,-and the K, were 515 + 10 nmol min~1 mg
~1(12.2 + 1.9 % inhibition) and 62.55 + 9.20 uM, respectively. For DOX in Fig. 2B, the
Viar and K, of DOX were 459 + 18 nmol min~1 mg~1 (21.7 + 3.2 % inhibition) and 7.80 +
3.47 UM, respectively. DOX had stronger inhibitory effects on the ATPase activity at
saturating drug concentration and had a significantly lower K, implying a higher affinity to
Pgp. Considering that the transport rate of DNR is 4-5 fold higher [25,27], the lower K,
value for DOX versus DNR for Pgp-mediated ATP hydrolysis might be surprising when one
might expect the opposite. Another way to look at it is that DNR has less inhibitory effect on
Pgp-mediated ATP hydrolysis than DOX. Overall, these results are consistent with previous
studies that showed that DNR and DOX inhibited Pgp-induced ATPase activity [50-52].

3.2. DNR and DOX Affinity with Pgp Determined by Protein Fluorescence Quenching

The binding affinities of DNR and DOX to Pgp were estimated through drug-induced
quenching of Pgp protein fluorescence and is shown in Fig. 3. Figs. 3A and 3C show the Pgp
fluorescence with a range of DNR and DOX concentrations. Saturating DNR causes about
an 80% decrease in Pgp fluorescence (Fig. 3A) while saturating DOX quenched ~65% of
Pgp fluorescence (Fig. 3B). In Figs. 3B and 3D, the Pgp fluorescence in the presence of a
range of DNR and DOX concentrations were monitored at 330 nm and adjusted for inner
filter effects using Eq. (2). Figs. 3B and 3D show that quenching of Pgp fluorescence was
monophasic by DNR and DOX, so they were fit to Eq. (3) to estimate K value. Fitting the
protein fluorescence quenching curve in Fig. 3B gave a K value of 0.061 + 0.003 uM 1.
The K\ value decreased at a higher temperature (i.e., 37°C), indicating that DNR quenched
Pgp protein fluorescence by a static quenching mechanism (data not shown), which
correlates to DNR affinity to Pgp. The corresponding Kp value was 16.3 + 0.7 uM. Fitting
the curve shown in Fig. 3D to Eq. (3) gave a K value of 0.059 + 0.004 uM~1. Like DNR,
the Ky value decreased at 37°C, indicating a static quenching mechanism (data not shown).
The calculated Kpto Pgp was similar to DNR at 16.9 + 1.3 uM. The fact that there were no
significant differences in the Kpssuggests that binding is not driving the differences in the
transport rates. These Kpsare also similar to the low-affinity sites determined on hamster

Pgp [40].
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3.3. Conformational Changes of P-glycoprotein in the Presence of DNR and DOX
Deduced by Acrylamide Quenching of Protein Fluorescence

The acrylamide quenching technique exploits the fact that the solvent accessibility of
fluorescence residues changes as a result of tertiary conformational changes [41-43].
Acrylamide quenching of protein fluorescence was used to probe the effect of DNR and
DOX on the tertiary structure of Pgp. When Pgp assumes an “open” conformation,
fluorescent residues within the binding cavity become more exposed to bulk solvent, and the
degree of acrylamide quenching is relatively high [e.g., 31,36,40]. When Pgp assumes a
“closed” conformation, fluorescent residues within the binding cavity become sequestered to
bulk solvent, and the degree of acrylamide quenching is relatively low [e.g., 31,36,40]. The
relative degree of acrylamide quenching and the solvent accessibility of Pgp was estimated
by the slopes of Stern-Volmer plots [41].

Fig. 4 shows the acrylamide quenching experiments with Pgp and anthracycline drugs. In
Fig. 4A, a control experiment was performed to determine the degree of quenching in the
presence of 530 mM acrylamide for phenylalanine, tyrosine, and the tryptophan analog 7+
Acetyl-L-tryptophanamide (NATA) at their relative concentrations in Pgp, while exciting at
280 nm. The first two columns show the fluorescence of 36 UM tyrosine and 67 uM in the
absence and presence of 530 mM acrylamide. The 40,000 relative fluorescence units of
tyrosine and phenylalanine fluorescence were virtually abolished with acrylamide. The next
two columns show the level of 11 pM NATA fluorescence in the absence and presence of
530 mM acrylamide. In the absence of acrylamide, the fluorescence for NATA was about 5-
fold larger than the fluorescence of Phe and Tyr. Therefore, the contribution of Pgp
tryptophan fluorescence will be about 80% of the total Pgp fluorescence. Again, acrylamide
virtually abolished fluorescence in the next column. The last two columns show the degree
of fluorescence from all three amino acids (Phe+Tyr+NATA) with and without acrylamide.
The relative fluorescence amplitude of all three amino acids was about 240,000 in the
absence of acrylamide and obliterated with 530 mM acrylamide.

Fig. 4B shows the Stern-Volmer plot with Phe+Tyr+NATA and Pgp in the absence and
presence of the non-hydrolyzable ATP analog adenylyl-imidodiphosphate (AMPPNP). The
steepest slope in the Stern-Volmer plot was from quenching of Phe+Tyr+NATA, which had a
Ky value of 35.79 + 2.29 M1, This would be the K value obtained if all the fluorescent
residues of Pgp were accessible to bulk solvent. Pgp in the absence of ligands (apoPgp) has
a significantly lower K value of 4.85 + 0.15 M~1 (Fig. 4B, open diamonds), showing that
most fluorescent residues remain buried away from the bulk solvent. Because the samples
were excited at 280 nm instead of 295 nm, this value is considerably higher than previously
reported Kg values [e.g., 31,36]. The binding cavity of several X-ray crystal structures
solved of apoPgp had the binding cavity exposed to the bulk solvent with the nucleotide-
binding domains (NBDs) separated in an “open” conformation [53-55]. Therefore, apoPgp
in the acrylamide quenching experiments is assumed to be in a similar conformation. The
slope of the Stern-Volmer plots of Pgp in the presence of 3.2 mM AMPPNP decreased to
1.84 + 0.02 M1 (Fig. 4B, open triangles), which means that fluorescent residues are
inaccessible to bulk solvent and implies that the binding cavity has become occluded.
Likewise, the binding cavity of a cryo-electron microscopy (cryo-em) structure of Pgp under
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similar conditions with AMPPNP was closed to the bulk solvent in a “closed” conformation
[56].

In the presence of 16 UM DNR, which is close to the K for DNR, the K value obtained
from the Stern-Volmer decreased to 2.87 + 0.06 M1 from the K\ value determined for
apoPgp (Fig. 4C). Increasing the DNR concentration to 500 UM decreased the K value
further to 1.91 + 0.02 M~1 (Fig. 4C). This K, value is similar to the K value of Pgp with
saturating AMPPNP, indicating that most fluorescent residues became inaccessible to
acrylamide and imply that Pgp is in a “closed” conformation. The K value determined
from the Stern-\Volmer plot of Pgp in the presence of 16 pM DOX only decreased to 3.76 +
0.06 M~1 (Fig. 4D). In the presence of saturating 500 UM DOX concentration, the K\ value
was 2.94 + 0.07 M~ (Fig. 4D), which is between the value determined for Pgp with
AMPPNP and the value of apoPgp. This result implies that Pgp in the presence of saturating
500 uM DOX is in an “intermediate” conformation.

3.4. Effect of DNR and DOX on the conformational distributions of Pgp analyzed by AFM

In a previous work [28], we were able to identify the extracellular (£C) and cytosolic (C)
domains of Pgp from AFM images. In this study, the AFM approach also allowed us to
examine the effect of DNR and DOX on the conformational distributions of Pgp. Fig. 5
shows AFM images of Pgp in the absence of drugs and the presence of DNR and DOX. The
white spots in the AFM images are Pgp protrusions emanating from the bilayer. The EC and
C domains are circled and squared in the AFM images, respectively, with a 1000 A bar
indicating a lateral scale and a contrast bar indicating the vertical scale. In the AFM images,
there were significantly more EC than C domains, which is consistent with previous
observations [28].

Fig. 6 shows the height distributions of Pgp in the absence and presence of anthracycline
drugs. Two separate height distributions of the EC and C-side domains were measured in the
absence of DNR and DOX, and are shown as thick black lines in the panels. Qualitatively,
the height distributions for the EC and C-side domains in the absence of drugs were
essentially identical. In the absence of DNR (Figs. 6A and B), the heights of 1662 and 766
AFM features of the EC and C-sides were tabulated. The average for the EC and C-side
domains was 30.1 + 3.6 A and 54.8 + 14.0 A, respectively. For Pgp in the absence of DOX,
the heights of 1791 EC-side and 645 C-side AFM features were collected. The average
height of the EC and C-sides were 25.9 + 6.1 A and 55.7 + 14.7 A, respectively, which are
similar to the average height values obtained in the absence of DNR. The average of
averages for the height of the EC and C-side domains was 28.0 + 4.9 A and 55.3 + 15.0 A,
respectively. The large standard deviation of the C-side domain is consistent with the Pgp
conformational dynamics observed in a previous study [28].

After adding 500 uM DNR to apoPgp (Fig. 6B), the average height of the EC-side decreased
t0 29.2 + 3.8 A. The average height of the C-side domain increased almost 5 A to 59.9 A,
and the standard deviation of the conformational distribution increased about 3 A to 16.9 A.
The large standard deviation suggests that Pgp samples a wider range of conformations in
the presence of DNR. These shifts are also consistent with a shift to the “closed” Pgp
conformation, where the EC-side height decreases, while the C-side height increases [28].
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Figs. 6C and 6D show the effect of adding DOX on the height distributions of the EC-side
and C-side domains of Pgp. The average height of the EC-side Pgp domain in the presence
of saturating 100 uM DOX decreased 2 A to 23.9 + 6.3 A. The C-side domain increased by
about the same amount (2 A) to 57.4 + 15.6 A, which is modest compared to the C-side
shifts observed with DNR.

To determine the robustness and significance of the Pgp height distributions in the presence
of the anthracylines, a statistical bootstrapping method was applied to the height
distributions shown in Fig. 6. The mean (£ SEM) with and without using the statistical
bootstrapping method are shown as insets in the figure panels. In all cases, there was a
significant separation in the mean values + drug showing that the drug-induced
conformational changes were significant.

Fig. 7 shows representative 3D AFM images at oblique angles of Pgp roughly in their
ensemble average conformation to provide a sense of drug-induced conformational changes.
The leftmost images of the EC and C-side domains show the AFM image of an individual
Pgp transporter molecule in the absence of ligands. The protrusion height of the EC and C-
side domain of this AFM image was approximately 30 A and 60 A, respectively. The
addition of saturating 500 pM DNR induced significant changes in the Pgp conformation.
DNR reduced the heights of the EC-side domain several angstroms and increased the C-side
domain almost 10 A (Fig. 7, middle column). The conformational changes induced by
saturating 100 uM DOX on Pgp were more modest (Fig. 7, right column). The protrusion
heights of the EC and C-side domains of Pgp decreased and increased, respectively, by
several angstroms.

4. Discussion

The mechanism of Pgp-mediated drug transport remains unresolved. Transport models have
been proposed where substrates and ATP are cooperative during transport [31,57]. Other
models have been posited where substrates occupy different sites during efflux [4,58,59].
Transport models have also been put forward where conformational changes drive efflux
[36,60].

In previous studies with the transporter, the Pgp conformations were simplified into a three-
state model with “closed,” “intermediate,” and “open” conformations [e.g., 35,37]. In
contrast, a cryo-electron microscopic (cryo-em) study showed that detergent-solubilized
apoPgp had a range of distinct conformations [61]. Also, a recent AFM study with the
transporter showed that apoPgp embedded in a lipid bilayer is very conformationally
dynamic [28]. In Fig. 8, we propose that the Pgp-mediated transport rate differences between
DNR and DOX are primarily driven by shifts in the conformational distribution of the
transporter. In [28], changes in the protrusion height of the C-side domain were significantly
larger than changes in the heights of the EC-side domain making them more sensitive to
changes in Pgp conformation. Also, the C-side domain height was higher for the “closed”
Pgp conformation than the “open” Pgp conformation [28]. Therefore, the C-side protrusion
height was used to indicate a shift toward the “closed,” the “open,” or the “wide open” Pgp
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conformations. The dynamic range of Pgp conformations was calculated using the average
C-side protrusion height + one standard deviation.

The first row of Fig. 8A shows the protrusion heights of Pgp in the “open” and “closed”
conformations deduced from AFM simulations using the Pgp X-ray crystal structure and the
Pgp cryo-em structure with AMPPNP [28,53,56]. The “open” Pgp conformation has a
minimum C-side protrusion height of 67.5 A, while the “closed” Pgp conformation has a
maximum C-side protrusion height of 78.4 A (Fig. 8A and [28]).

The next row (Fig. 8B) shows the minimum and maximum C-side protrusion heights of
apoPgp calculated from the average of averages and the standard deviation. The minimum
protrusion height was 41.3 A. We propose that Pgp is in a conformation where the NBDs are
highly separated, and Pgp is in a “wide open” conformation such as the inhibitor and
epitope-bound Pgp X-ray crystal structures [62,63]. The maximum C-side protrusion height
of 69.3 A is close to the simulated height of the X-ray crystal structure of the Pgp in the
“open” conformation [28]. We propose that this protrusion height corresponds to Pgp in the
“open” conformation. In the absence of ligands, Pgp goes between a “wide open” and
“open” conformations.

The next row (Fig. 8C) shows the range of Pgp conformations in the presence of saturating
DNR. DNR increases the range of C-side protrusion heights sampled by Pgp from 28 A to
33 A. At the low end (43.0 A), Pgp is in a “wide open” conformation. At the other end (76.8
A), the height of the C-side domain is close to the C-side height determined from the AFM
simulation of the “closed” Pgp conformation. In addition, the K, value for Pgp in the
presence of saturating DNR that was determined from acrylamide quenching suggests that
Pgp is in a “closed” conformation (Fig. 4C). Here, we propose that Pgp is in a “closed”
conformation.

The last row (Fig. 8D) shows that Pgp samples a narrower range of conformations in the
presence of saturating DOX than saturating DNR. At the lowest C-side heights, the NBDs of
Pgp are proposed to be highly separated in the “wide open” conformation like the Pgp X-ray
crystal structures [62,63]. The highest C-side height in the presence of DOX lies between the
C-side heights of the “open” and “closed” Pgp conformations that are shown in the first row.
Also, the acrylamide quenching experiments with Pgp and saturating DOX produced a Ks/
value between the K values for apoPgp and Pgp with AMPPNP, which are purportedly in
the “open” and “closed” Pgp conformation, respectively (Fig. 4D). Therefore, we propose
that Pgp conformation under these conditions is “intermediate” between the “open” and the
“closed” Pgp conformations.

The conformational distribution model shown in Fig. 8 correlates well with the biochemical
data in this study and the observed transport rates [25-27]. In the conformational distribution
model, the higher Pgp-mediated transport rates of DNR are driven by the drug shifting the
conformational distribution of Pgp toward the “closed” conformation where there is a higher
probability of transport. This shift also explains the lower inhibition of Pgp-mediated ATP
hydrolysis rates in the presence of saturating DNR than saturating DOX (Fig. 2). Shifting the
Pgp conformation toward the “closed” conformation brings the NBDs closer together, where
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the ATP hydrolysis rate will likely increase. Interestingly, both DNR and DOX non-
competitively inhibited Pgp-mediated ATP hydrolysis (Figure 2). Previous molecular
dynamics study showed that the drug verapamil, which activates ATP hydrolysis, aligns the
NBDs promoting ATP hydrolysis [64]. In-kind, we propose that DNR and DOX, which
partially inhibits ATP hydrolysis (Figure 2), shifts the NBDs in non-optimal trajectories for
ATP hydrolysis. DOX, which has a lower K and is more inhibitory than DNR (Figure 2),
more strongly restricts the NBDs in this non-optimal position. Furthermore, the higher ATP
hydrolysis rates of Pgp in the absence of ligands (i.e., 600 nmol min~ mg=1) can be
attributed to less restricted degrees of freedom with respect to the trajectories of the NBDs.

In this study, AFM images revealed that DNR and DOX cause distinct effects on the
conformational distribution of Pgp. Drug-induced effects on the conformational distribution
of Pgp by DNR and DOX are consistent with previous fluorescence/luminescence studies
[58,65,66]. In a fluorescence resonance energy transfer study of Pgp with fluorescently
labeled NBDs, the drugs, verapamil, and cyclosporine, were found to alter the separation
distances of NBDs during transport [58]. A luminescence resonance energy transfer study
with Pgp found that the drug verapamil shifted the distance distribution of the NBDs into
two distinct populations that were sensitive to nucleotides [65]. A single-molecule Forster
resonance energy transfer study using hidden Markov models found that the “closed”
conformation with the NBDs together was more populated than the other conformations in
the presence of verapamil [66]. This observation aligns well with our results showing a drug-
induced shift to the “closed” and “intermediate” Pgp conformations by DNR and DOX,
respectively.

Despite differing by a single hydroxyl group, DNR and DOX caused distinct and significant
effects on the conformational distribution of Pgp that correlates to their transport rate
differences. Since these drugs have similar effects on Pgp-mediated ATP hydrolysis
implying similar binding sites, a single hydrogen bond from the hydroxy! group of DOX
may be driving these conformational and transport rate differences. This study focused on
only two anthracycline drugs, but drug-induced shifts in the conformational distribution are
likely to be a common mechanism of Pgp-mediated transport. This study is also the first to
directly measure the effects of drugs on the conformational distribution of any mammalian
transporter.
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The molecular structures of DNR and DOX. The figure legend shows the R group of DNR

and DOX.
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The effects of DNR and DOX on Pgp mediated ATP hydrolysis. ATPase activity in response
to varying concentrations of (A) DNR and (B) DOX. The points represent the average of at
least three experiments, and the error bars reflect the standard deviation. Fits to the points

with Eq. (1) are shown as solid lines.

Biochem Pharmacol. Author manuscript; available in PMC 2021 July 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Nguyen et al. Page 19

1.0

0.9
0.8+
0.74
0.64
0.51

' 004""
E =2 = O D O B O

o < < wn N < (o] 0

F/Fo

00
100-

[Daunorubicin] (uM)

g °

N <

Ll .
~ - 0.70 Ll Ll Ll L)
P % ¢ & FEEEY
Wavelength (nm) [Doxorubicin] (uM)

Fig. 3.

Pr%tein fluorescence quenching of Pgp by DNR and DOX. Pgp fluorescence emission
spectra after excitation at 295 nm in the presence of a range of (A) DNR and (C) DOX
concentrations. Pgp fluorescence in the absence and the presence of saturating drug is shown
as thin and thick black lines, respectively, while Pgp fluorescence with intermediate drug
concentrations are shown as gray lines. The fluorescence at 330 nm after adjusting for inner
filter effects with Eq. (2) with a range of (B) DNR and (D) DOX concentrations. The data
points represent the average of at least three experiments with the error bars representing the
standard deviation. Fits to the points by Eq. (3) are shown as solid lines.
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Fig. 4.

Acrylamide quenching of Pgp in the presence of DNR and DOX. (A) Acrylamide quenching
of 67 UM Phe and 36 pM Tyr (Phe+Tyr) (a), 11 uM NATA (NATA) (b), and a combination of
(a) and (b), or NATA+Phe+Tyr (c) in the absence (closed columns) and presence of 530 mM
acrylamide (open columns). The relative fluorescence units (RFUs) are shown on the y-axis.
(B) The Stern-Volmer plot of NATA+Phe+Tyr (open circles), Pgp in the absence of ligands
(apoPgp, open diamonds), Pgp with 3.2 mM AMPPNP (AMPPNP, open triangles) with a
range of acrylamide concentrations. Stern-Volmer plots of Pgp in the presence of 16 uM
(open circles) and 500 uM (open squares) for (C) DNR and (D) DOX. The data points
represent the average of at least three experiments, and the error bars are the standard
deviation. The Stern-Volmer curves for apoPgp and AMPPNP are shown as gray and black
dashed lines, respectively, for comparison.
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Fig. 5.
500 x 500 nm representative AFM images of apoPgp (A), with 500 uM DNR (B), and with

100 pM DOX (C). The extracellular side of Pgp (EC side) is circled and the cytosolic side
(C side) of Pgp is squared.
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Height histogram showing the distribution of the EC and C-sides of Pgp in the presence of
500 uM DNR and 100 puM DOX. The height distribution of the (A) EC and (B) C sides of
Pgp in the absence (black) and presence of DNR (gray), taken from 1662 and 746 features
respectively for the EC side, and 766 and 444 features for the C side. The height distribution
of the (C) EC and (D) C sides of Pgp in the absence (black) and presence of DOX (gray),
taken from 1791 and 1459 features respectively for the EC side, and 645 and 375 features
for the C side. The insets show the mean values £SEM of the protrusion heights for each
observed dataset without using (closed shapes) and with using a statistical bootstrapping
approach (open shapes). The horizontal axis of all the insets is the height (A).
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Fig. 7.
Representative 3D oblique AFM images of the (top row) EC and (bottom row) C-sides of

Pgp (left column) in the absence of drugs, (middle column) in the presence of 500 pM DNR,
and (right column) in the presence of 100 uM DOX.
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Fig. 8.
The conformational distribution model of Pgp in a lipid bilayer in the presence of DNR and

DOX. The top of the figure shows a height scale in A for the C-side Pgp domain going from
a “wide open,” “open,” and “closed” Pgp conformations. The range of Pgp conformations
A) for AFM simulations for the Pgp X-ray crystal structure in the absence of ligands (PDB
ID: 4M1M, [53]) and the cryo-em structure in the presence of AMPPNP (PDB ID: 6CQV,
[56]), B) for Pgp, C) for Pgp with saturating DNR, and D) for Pgp with saturating DOX. The
parallel lines represent the lipid bilayer. The solid black figure is a cartoon of Pgp with the
linear parts and the circular parts reflecting the transmembrane (TM) and nucleotide-binding
domains (NBDs), respectively. The NBDs are also labeled with the letter “N.” Next to one
of the NBDs is the protrusion height of the C-side Pgp domain in A.
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