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The efficacy of many cancer drugs is hindered by P-glycoprotein (Pgp), a cellular pump that removes drugs
from cells. To improve chemotherapy, drugs capable of evading Pgp must be developed. Despite similarities
in structure, vinca alkaloids (VAs) show disparate Pgp-mediated efflux ratios. ATPase activity and binding
affinity studies show at least two binding sites for the VAs: high- and low-affinity sites that stimulate and
inhibit the ATPase activity rate, respectively. The affinity for ATP from the ATPase kinetics curve for vinblas-
tine (VBL) at the high-affinity site was 2- and 9-fold higher than vinorelbine (VRL) and vincristine (VCR),
respectively. Conversely, VBL had the highest K, (ATP) for the low-affinity site. The dissociation constants
Vinca alkaloids (Kps) determined by protein fluorescence quenching were in the order VBL < VRL< VCR. The order of the Kps
Atomic force microscopy was reversed at higher substrate concentrations. Acrylamide quenching of protein fluorescence indicate that
NMR the VAs, either at 10 «M or 150 M, predominantly maintain Pgp in an open-outward conformation. When
Fluorescence spectroscopy 3.2 mM AMPPNP was present, 10 M of either VBL, VRL, or VCR cause Pgp to shift to an open-outward con-
formation, while 150 M of the VAs shifted the conformation of Pgp to an intermediate orientation, between
opened inward and open-outward. However, the conformational shift induced by saturating AMPPNP and
VCR condition was less than either VBL or VRL in the presence of AMPPNP. At 150 M, atomic force micros-
copy (AFM) revealed that the VAs shift Pgp population to a predominantly open-inward conformation. Addi-
tionally, STDD NMR studies revealed comparable groups in VBL, VRL, and VCR are in contact with the protein
during binding. Our results, when coupled with VAs-microtubule structure-activity relationship studies,
could lay the foundation for developing next-generation VAs that are effective as anti-tumor agents. A model
that illustrates the intricate process of Pgp-mediated transport of the VAs is presented.

© 2024 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.
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Pgp overexpression, reports also detail cell-to-cell transfer of Pgp in
cancer and non-cancer cells.>° Multiple attempts have been made
over the last three decades, with limited success, to address Pgp-

Introduction

Multidrug resistance (MDR) is a major obstacle hindering chemo-

therapy'. The MDR phenotype has been observed in over 90% of can-
cer patients experiencing chemotherapeutic failures.? P-glycoprotein
(Pgp), a well-studied member of the ATP binding cassette (ABC)
superfamily, plays a pivotal role in the development of MDR.? Pgp is
a transmembrane transporter that expels a broad range of hydropho-
bic compounds, including drugs, from cells.* Overexpression and
activation of Pgp significantly contribute to MDR in tumor cells.”
Interestingly, both intrinsic overexpression of Pgp in tumor cells and
induction of acquired MDR by certain anticancer agents have been
observed.®” While numerous cellular signaling pathways facilitate
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mediated MDR.”"'® Although the use of specific Pgp inhibitors to
enhance drug delivery showed early promise, their lack of specificity
and high toxicity hindered success in clinical studies.””'’ Another
approach involves designing anticancer drugs that can bypass the
transporter.'?> However, this approach has not been fully realized due
to a lack of comprehensive understanding regarding the structural
and molecular mechanisms driving Pgp-mediated multidrug resis-
tance. As a result, there has been considerable interest by pharma-
ceutical and regulatory agencies in understanding the structural and
molecular factors that drive the Pgp-mediated transport of drugs.'>
Vinca alkaloids (VAs), a class of drugs initially derived from the
Catharanthus roseus plant endemic to Madagascar'“, hold promise
not only as anticancer agents but also for treating conditions like

0022-3549/© 2024 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.
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diabetes and hypertension due to their hypoglycemic properties.'® By
binding to and disrupting mitotic spindle microtubule polymeriza-
tion, VAs bring about cell cycle arrest at the M-phase and, corollary,
cell deaths.'®!'” The influence of VAs extends to other cellular pro-
cesses, including metabolism and biosynthesis of amino acids, lipids,
and nucleic acids.'® The VAs are one of the most-used class of anti-
cancer agents due to their potential efficacy and include FDA-
approved drugs such as vincristine (VCR), vinblastine (VBL), vinorel-
bine (VRL), vindesine (VDS), and vinflunine (VFL).'”"' The VAs pos-
sess similar dimeric structures comprising an indole nucleus
(catharanthine) and a dihydroindole nucleus (vindoline)?° (Fig. 1).
While binding studies between VAs and isolated microtubules sug-
gest similar affinities?’"*?, disparities arise when assessing their inter-
ference with tubulin formation in vitro, which indicates an order of
VCR > VBL > VRL?>?? In addition, the partition coefficient values of
these drugs are not significantly different and could not account for
the observed differences in their anticancer activities.>* The puzzle
deepens when considering cellular retention and potency. VCR dis-
plays a slower release rate and notably higher cellular retention than
VBL.?>?% Similarly, VRL showcases a more significant volume distri-
bution and enhanced cellular retention relative to VCR and VBL.?’
Interestingly, continuous treatment with either VBL or VCR yielded
comparable cellular toxicity®®, implying a connection between cellu-
lar retention and anti-cancer potency. The discrepancy observed in
the efficacy of the VAs is likely due to the activity of transmembrane
transporters such as Pgp?®>C that reduces the cellular concentration

of the VAs. In fact, despite sharing a basic structure and being simi-
larly lipophilic, in vitro studies using Caco-2 cells indicate Pgp-medi-
ated efflux rate of 11.9, 8.5, and 4.7 for VBL, VCR, and VRL,
respectively.’! The efflux rates of the VAs reduced significantly in
the presence of Zosuquidar, a well-studied Pgp inhibitor,
highlighting the crucial role Pgp plays in regulating the cellular
retention of the VAs and, ultimately, their efficacy. Unfortunately,
the underlying mechanisms driving the observed differences in
Pgp-mediated transport rates of the VAs remain elusive. Any
attempts aimed at developing the next generation of VAs without
a comprehensive understanding of the underlying transport
mechanism would remain a hit or miss. In this study, we provide
structural and biochemical evidence for the Pgp-mediated trans-
port of VAs. Drug-induced Pgp-mediated ATPase activities were
investigated to identify plausible Pgp-ATP cooperativity since ATP
hydrolysis drives the action of Pgp. The Pgp-drug affinity, another
biochemical process that could dictate the activity of the protein,
was investigated using drug-induced intrinsic tryptophan fluores-
cence quenching. STDD NMR was used to identify the functional
groups in VAs likely involved in Pgp-drug interactions. Finally,
drug-induced Pgp conformational changes were determined by
acrylamide quenching of Pgp intrinsic tryptophan fluorescence
spectroscopy and direct visualization via atomic force microscopy
(AFM). Our results, coupled with previously published results,
were used to build a simplified model that describes structural
mechanisms underlying Pgp-mediated transport of VAs.

Vinorelbine (VRL)

Vincristine (VCR)

Fig. 1. The structure of Vinblastine (A), Vinorelbine (B), and Vincristine (C). The differences in the structure of the vinca alkaloids (VA) are highlighted in green.
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Experimental Reagents and Methods
Chemicals and Reagents

VCR sulfate and VBL sulfate were procured from MP Biomedicals
(Santa Ana, CA), while VRL was sourced from Astatech Inc. (Bristol,
PA). Adenylyl-imido diphosphate lithium salt (AMPPNP), N-acetyl-L-
tryptophanamide (NATA), and ammonium chloride (NH4Cl) were
obtained from Sigma Aldrich (Milwaukee, WI). The detergent utilized
for protein purification, n-dodecyl-B-D-maltoside (DDM), was
obtained from EMD Millipore Corporation (San Diego, CA). Sodium
orthovanadate (NasOVO3) was procured from Enzo Life Sciences
(Farmingdale, NY). Magnesium chloride (MgCl,) and sodium chloride
(NaCl) were sourced from J.T Baker (Center Valley, PA). Disodium
Adenosine triphosphate (Na,ATP), cholesterol, and Tris hydrochloric
acid were acquired from Amresco (Solon, OH). Dithiothreitol (DTT)
was purchased from Gold Biotechnology (St. Louis, MO). Acrylamide
and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
were obtained from Calbiochem (San Diego, CA). Imidazole and eth-
ylene glycol tetra-acetic acid (EGTA) were sourced from Alfa Aesar
(Tewksbury, MA). Escherichia coli total lipid extract powder was pro-
cured from Avanti Polar Lipids Inc. (Alabaster, AL). Except otherwise
stated, all other chemicals used in this study were purchased from
Thermo Fisher Scientific (Waltham, MA).

Methods
Protein Expression and Purification

Pichia Pastoris engineered to overexpress his-tagged wild-type
mouse Pgp (ABCB1A, MDR3) were cultured in glycerol-based media
and further induced with methanol-based media to enhance the
expression of proteins®>>> at the Bioexpression and Fermentation
Facility (BFF), University of Georgia, Athens, GA. The cells were har-
vested and subjected to a repeated cycle of freezing, blending, and
thawing. A two-step approach described previously>* was adopted
with some modifications to purify the protein. Initially, an affinity
chromatography technique using nickel-nitrilotriacetic acid (Ni-NTA)
(ThermoFisher Scientific, Waltham, MA) was conducted, followed by
ion-exchange chromatography with Whatman DE52 diethylami-
noethyl cellulose (DEAE) resin (ThermoFisher Scientific). The Purified
Ppg solubilized in DDM were concentrated using Amicon Ultra-15
100 kDa cut-off filters (EMD Millipore, Billerica, MA). An SDS/PAGE
analysis was done as previously described®? to assess the purity of
the isolated protein. The purity was estimated to be greater than 95%.
The concentration of the DDM-solubilized protein was determined
with a Nanodrop (DeNovix, PHL), aliquots were made, and stored at
-80°C.

Reconstitution of Pgp into liposomes

80% w/v Avanti E. coli total lipid extract and 20% w/v cholesterol
were mixed in chloroform to a final concentration and volume of 10
mgmL~' and 10 mlL, respectively. The organic mixture was dried
using Buchi Rotavapor, Model R-114 (Buchi, DE). The dried film was
then re-suspended in 10 mL of rehydration buffer (0.1 mM EGTA and
50 mM Tris-HCl, pH 7.4) to create a solution of liposomes with vari-
ous sizes. Resuspension of the liposomes was facilitated by a freeze-
thawed cycle using liquid nitrogen. Liposomes of varying sizes cre-
ated by this approach were extruded at least 11x through a 400 nm
cut-off filter installed on a LIPEX extruder instrument (Northern Lip-
ids, Burnaby, British Columbia, Canada) to create homogeneously
sized liposomes. Dynamic Light Scattering (DLS) was used to assess
the sizes and uniformity of the extruded liposomes using Malvern
Zetasizer Nano ZS (Malvern Instruments Ltd., UK). The DLS

chromatograms were analyzed with Zetasizer 7.03 software and
showed homogenously sized liposomes with an average size of
250 nm.

Pgp solubilized in detergent was dialyzed against HEPES buffer
(20 mM HEPES, 100 mM NacCl, 5 mM MgCl,, 2 mM DTT, pH 7.4) for
2 hours to remove residual detergents. The dialyzed Pgp was mixed
with previously extruded liposomes to create a ratio of 0.16 mgmL™!
liposomes per M of protein. The mixture was incubated on ice for
1 hour to promote protein integration into the liposomes before
being dialyzed again on HEPES buffer for 2 hours to remove excess
detergents and further enhance protein integration into the lipo-
somes to form proteo-liposomes. The concentration of the proteo-lip-
osomes was determined using a Bio-Rad DC Protein assay kit II, and
aliquots were stored at -80°C in HEPES buffer (pH 7.4).

Pgp-mediated ATPase Activity

The Pgp catalytic cycle is an ATP-driven process that can be influ-
enced by the presence of ligands.*” As previously described, the Chiff-
let method was used to determine the rate of vanadate-sensitive Pgp-
mediated ATP hydrolysis.®® In the Chifflet assay, the rate of ATP
hydrolysis is indirectly detected by estimating the turnover of inor-
ganic phosphate (Pi). Pi produced form complexes with molybdenum,
which characteristically has a high absorbance at 850 nm. The ligand-
induced ATPase activity assays for VBL, VCR, and VRL were carried out
in Chifflet buffer (50 mM Tris-HCI, 150 mM NH4Cl, 5 mM MgSO,,
0.02% NaNy4, pH 7.4) with 250 nM of Pgp reconstituted into liposomes.
Absorbance was detected on a Flexstation (III) spectrometer (Molecu-
lar Devices, Sunnyvale, CA) in a costar 96-well plate. If monophasic,
the generated Pgp-mediated ATP hydrolysis kinetic curves were fit to
a modified Michaelis-Menten equation that accounts for the basal
activity (Eqn1).>” The fitting was done with Python scripts developed
in Igor Pro 6.2 software (Wavemetrics, Tigard, OR) to generate the
kinetic parameters.

Vinax[S)]

V= Ko+ 5] -+ Vbasal (1)

Where v is the rate of ATP hydrolysis, Vihax is the maximum rate of
ATP hydrolysis, [S] is the substrate concentration, K, is the Michae-
lis-Menten constant, and vbasal is the basal ATPase activity in the
absence of drugs.

For biphasic ATP hydrolysis showing a second substrate inhibition
site, the kinetic curves were fit into Eqn2 below to determine the
kinetic parameters: inhibitory constant (K;), Vnay, and Ki,.

V= ‘H‘zﬁ + Vbasal (2)
BT

Drug—Pgp Affinity Determined by Intrinsic Tryptophan Fluores-
cence Quenching

Tryptophan residues in a protein absorb and emit significantly
around 280 nm and 330 nm, respectively.>® When ligands bind to a
protein, they can alter the fluorescence intensity of the protein in an
affinity-dependent manner by inducing changes in the local environ-
ment of the protein that house the tryptophan residues.®® Quenching
of tryptophan residues in proteins has been exploited in earlier stud-
ies to determine the binding affinity of ligands such as drugs and
nucleotides.”® In this study, the protein fluorescence emission was
done using an Olis DM 45 spectrophotometer (Olis Corporation,
Bogart, CA). A 10 nm band-pass filter was placed on the excitation
and emission paths of the spectrophotometer to remove Rayleigh
bands from the fluorescence emission spectra. The investigation was
conducted on samples containing Chifflet buffer (pH 7.4), 1 uM of P-
gp reconstituted into liposomes, and 2 mM DTT. The resultant ligand-
induced fluorescence quenching data was corrected (Fcorrected) for
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background, dilution, and inner filter effects with the Eqn3
below. 404!

(cexbex +Eembem)[Q]

Fcorrected = (F - B)]O 2 (3)

The measured protein fluorescence at 330 nm is represented as F,
while B signifies the background, and [Q] denotes the ligand
(quencher) concentration. The extinction coefficient of the ligand for
excitation and emission wavelengths is represented as &ex and &em,
respectively. The extinction coefficients for the VAs were deter-
mined using previously described method.*>**> The extinction
coefficient (&.x) values at 280 nm for VBL, VRL, and VCR were
determined to be 4.19 mM~'cm~!, 9.28 mM !'cm~!, and 4.25
mM 'em ™!, respectively. The path lengths along the excitation
and emission axes are represented by bex and bem, respectively.
The estimated emission extinction coefficients (€em) at 330 nm
for VBL, VRL, and VCR were 0.631 mM 'cm~!, 2.79 mM 'cm "
and 0.085 mM~'cm™', respectively. Two main mechanisms typi-
cally underlie ligand-induced protein fluorescence quenching:
static and dynamic quenching.*' In static quenching, ligands form
complexes with the protein, while dynamic fluorescence quench-
ing arises from random collisions between the protein and ligand.
The effect of two or more different temperatures (25°C, 30°C, 37°
C) on the fluorescence quenching curve was used to identify the
predominant quenching mechanism present. When dynamic
quenching is predominant, elevated temperatures increase colli-
sion frequency, resulting in higher Ky, values. In contrast, for
static quenching, higher temperatures decrease the residency
time of the ligand-protein complex, yielding lower K, values.
The VAs showed a biphasic curve, exhibiting static quenching and
dynamic mechanisms at relatively low and high concentrations,
respectively. However, in the presence of saturating AMPPNP, the
VAs showed a monophasic quenching curve, which was deter-
mined to be primarily static (results not shown). In the case of
monophasic fluorescence quenching, the corrected fluorescence
(Fcorrected) quenching curves were fitted to a Stern-Volmer
equation below (Eqn4) to determine the Stern-Volmer constant
(Kgy) values.

F d
Fcorrected = % + Funquenched (4)

Here, the Fy(corrected) represents the fluorescence in the
absence of a quenching ligand, F unquenched is an offset related
to unquenched fluorescence, and [Q] is the concentration of the
ligand. Conversely, fluorescence quenching curves showing
biphasic characteristics were fitted to a modified Stern-Volmer
equation (Eqn 5)

F o F oH F ol
corrected — 1+I<sv,H[Q] 1+stl

[Q] + Funquenched (5)

The amplitudes of protein fluorescence at low and high ligand
concentrations are denoted as F, 1, and F, , respectively. Correspond-
ingly, the K, values for the low and high ligand concentrations are
represented as K, 4 and Ky, respectively.

Drug-induced Pgp Conformational Changes Probed by Acrylamide
Quenching

Acrylamide is a small polar quencher that can effectively
quench the fluorescence emitted by tryptophan residues within
proteins via collision.*" Data from prior studies suggests that pro-
teins can undergo changes in their conformation when they inter-
act with ligands.** These conformational changes could either
occlude or expose the tryptophan residues in the protein, leading
to changes in the proportion of solvent-accessible tryptophan

residues.”®*> As acrylamide is unable to penetrate the hydropho-
bic core of the protein easily, alterations in the protein’s fluores-
cence can provide insights into potential modifications in the
protein’s tertiary structure induced by ligands.*® In this study, as
acrylamide was titrated against the sample solution, the fluores-
cence intensity was measured at 330 nm, following excitations at
280 nm. The sample solution consists of 1 uM Pgp reconstituted
into liposomes in Chifflet buffer supplemented with 2 mM DTT.
The fluorescence intensities were corrected with Eqn3, and a
Stern-Volmer plot of Fo(corrected)/F(corrected) against the acrylamide
concentration was generated. The slope of the Stern-Volmer curve
is a function of the degree of quenching, and it is related to the
K, value by Eqn6 below*!:

F
Totcorrected) _ | g 10)] (6)

F| (corrected)

Saturation Transfer Double Difference (STDD) NMR

STDD NMR is a powerful ligand-focused technique used to
study ligand-receptor interactions and epitopes mapping.*’*®
Thus, STDD NMR can be used to identify the functional groups on
ligands that are in either direct or near-direct contact with the
protein. The principle of STD NMR involves selectively applying a
long, low-power pulse that saturate the protons of the receptor.*®
When a ligand binds to the receptor, protons of the ligands within
~5 A from the saturated protein experience significant saturation
transfer from the receptor.”® Upon dissociation, the saturation
transferred to the ligand is detected as saturation transfer differ-
ence (STD). The degree of saturation transferred inversely corre-
sponds to the ligand-receptor distance and reflects the strength of
the interaction. Since many Pgp substrates are highly lipophilic,
nonspecific interactions between ligands and liposomes can inter-
fere with observed STD NMR spectra. The STD NMR spectrum of
the drug in the presence of liposomes was subtracted from the
STD 'H NMR spectrum of the ligand with proteins reconstituted
into liposomes to account for potential STD contributions from
ligand-liposome interactions. This subtraction leads to a saturation
transfer double difference (STDD) spectrum.’®®' This approach
was employed to investigate the functional groups of VBL, VCR,
and VRL potentially involved in Pgp-drug interactions. All NMR
experiments were conducted at 25°C (unless stated otherwise) on
a Varian INOVA 600 MHz NMR spectrometer equipped with a 'H-
detect broadband probe {HX}. Data analyses were performed with
iNMR software (Nucleomatic, Molfetta, Italy), Igor Pro 6.2, and
Mnova 14.2.0 (Mastrelab Research S.L, Santiago de Compostela,
Spain). The STDD NMR procedure in this study was performed as
previously described®® with some modifications. 100 mM potas-
sium phosphate buffer (80% D,0, 20% ddH20, pH 7.4) containing 1
uM Pgp reconstituted into liposomes, and 1 mM of either VBL,
VRL or VCR were prepared. Control samples were similarly pre-
pared with liposomes instead of Pgp-reconstituted liposomes. A
Water Suppression by Gradient Tailored Excitation (WATERGATE)
gradient pulse sequence was used to suppress water signals that
would have otherwise dwarfed the signals from the ligand.”
Selective excitation and saturation of the protein were achieved
using a 50 ms train of Gaussian-shaped selective pulses for 2s, fol-
lowed by a delay of 5s to enable relaxation.””>* STD NMR spectra
were obtained through phase cycling by alternating Pgp irradia-
tion resonance between -1.5 ppm (on resonance) and 42 ppm
(off-resonance) for 512 scans. Subtracting the off-resonance from
the on-resonance spectra generated the STD 1H NMR spectrum.
Control experiments were conducted under the same conditions
and subtracted from the 'H STD NMR spectrum of the
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Fig. 2. The effect of the vinca alkaloids on Pgp-mediated ATP hydrolysis. Ligand-induced Pgp-coupled ATPase activity in the presence of increasing concentrations of (A) VBL (closed
squares), (B) VRL (closed squares), and (C) VCR (closed squares). For comparison, the basal and vanadate-inhibited ATPase activity are shown as dotted lines and dashed lines,
respectively, in each panel. Each data point represents the average of at least 3 independent experiments, and the error bars shown represent the standard deviation.

reconstituted Pgp sample with the drug, yielding the STDD 1H
NMR spectrum. The observed difference (Al) directly reflects the
strength of the interaction between drug functional groups and
the protein. The STDD amplification factor was calculated using
Eqn7°*>* below.:

STDD Amplication Factor = ﬂy (7)

(Pl Io

Where Io represents the amplitude of the TH NMR peaks, [I] denotes
the ligand concentration, and [P] is the protein concentration.

Atomic Force Microscopy

Atomic force microscopy (AFM) is a robust technique initially
developed to examine the physical characteristics of solid-state
materials by directly probing their surfaces with a mechanical
probe.”® This technique has been adopted in earlier studies to
analyze protein dynamics and structure, facilitating the identifica-
tion of ligand-induced conformational changes in proteins.>®°%
The changes in the conformation of a protein prior and after the
addition of ligands, as determined by AFM, can provide insights
into the effect of ligand-binding on the structure of the protein.
In the present study, a solution of Pgp reconstituted into lipo-
somes (proteoliposomes) was diluted in imaging buffer (20 mM
HEPES, 100 mM NacCl, 5 mM MgCl,; pH 7.4) to 100 nM. About 90
L of this solution was deposited onto a clean coverslip (Corning,
Corning, NY) and incubated at 25°C for approximately 30
minutes. The incubation led to the rupture of proteoliposomes,
forming a planar lipid bilayer atop the glass surface. The samples
were rinsed with 90 uL of buffer at least 5 times using a buffer
exchange technique. AFM imaging of the EC-side and C-side
domains of Pgp protrusions above the lipid bilayer was per-
formed as previously described.”” For each of the selected VAs
under study, AFM imaging of the ligand-free Pgp (apoPgp) was
performed first, followed by the addition of 150 uM of either
VBL, VRL, or VCR. AFM imaging was repeated upon the addition
of ligands such that a nominally similar area of the sample was
captured. Only particles that could be positively assigned as
either EC or C-side domain features of Pgp were analyzed. AFM
images were obtained in imaging buffer at ~30°C in tapping
mode with Biolever mini tips (BL-AC40TS, Olympus, Tokyo, Japan)
installed on a commercial instrument (Asylum Research Cypher,
Santa Barbara, CA). A tip-sample force < 100 pN were used to
minimize the probability of protein distortion. AFM images were
analyzed using custom software developed in Igor Pro 7 (Wave-
metrics, Portland, OR) as previously reported.”” The smoothed
histograms were constructed in Igor Pro 7 using kernel density
estimation with Epanechnikov kernels.”®

Results
Modulation of Pgp-mediated ATPase activity

The Pgp catalytic cycle is an energy-dependent process®®® that
requires at least one ATP molecule per VA molecule transported.®’
Thus, the rate of ATP hydrolysis can be a good indicator of the activity
of the protein. Fig. 2 shows the effect of selected VAs on Pgp-medi-
ated ATP hydrolyses. Panels 2A, 2B, and 2C show the kinetic curves of
drug-induced Pgp-mediated ATPase activity in the presence of
increasing concentrations of VBL, VRL, and VCR, respectively. The
observed basal activities of Pgp in the absence of VBL, VRL, and VCR
(dashed lines) were similar, averaging 477 + 22 nmolmin 'mg~!,
which is consistent with previous estimates.®” Drug-induced Pgp-
mediated ATP-hydrolyses kinetic curves deduced for all the tested
compounds were biphasic, implying that at least two distinct rate-
limiting steps or mechanisms are involved. The two phases consist of
substrate stimulation at lower drug concentrations (< 20 M), reach-
ing maximum activation of 35%, 18%, and 16% over the basal activity
level for VBL, VRL, and VCR, respectively. ATPase activation was fol-
lowed by inhibition at higher concentrations, reducing the maximum
activity induced by VBL, VRL, and VCR by 51%, 27%, and 24%, respec-
tively. Previous studies have observed similar Pgp binding modes for
the VAs.5*~% The kinetic curves generated were fit to a modified
Michaelis-Menten equation for biphasic interactions, with second
substrate inhibition (Eqn2) to determine the kinetic parameters such
as Vinax K, and K; values. The K, and K; deduced for VBL (Fig. 2A)
were 1.78 + 2.34 uM and 24.17 + 6.12 uM, respectively. These val-
ues are in agreement with a previous report where a biphasic kinetic
curve was observed.®” On the contrary, in another study where only
the inhibitory phase of the curve was observed (probably due to the
concentration of the drug used) the K,,,(ATP) induced by VBL was sub-
stantially different.°® The apparent V.. extracted from the VBL-
induced ATPase kinetics curve was 601 + 30 nmolmin~'mg~!. The
Km, Ki, and Vg values generated from the VRL-induced ATPase
kinetic fit (Fig. 2B) were 5.12 + 3.87 uM, 8.79 + 4.76 uM, and 590 +
21 nmolmin 'mg !, respectively. For VCR (Fig. 2C), the estimated K,,,
and K; values were 17.04 + 6.50 «M and 7.40 =+ 3.26 ;M. The associ-
ated V. for the VCR was 558 + 33 nmolmin~'mg~!. Overall, these
results aligns well with previous studies that suggest that VAs act as
both Pgp substrate and inhibitor of Pgp-coupled ATP hydrolysis
depending on the availing concentrations.®”®> However, unlike
verapamil, which almost completely inhibits Pgp activity at 50 «M’°
with an average K; of 1.9 + 0.5 uM>*, the degree of inhibition by VAs
is relatively mild and may fall outside of physiological relevant
dose.”! In addition, the VAs have relatively high non-target toxicity,
making their usage as a potential inhibitor untenable. A summary of
the kinetic data generated from VA-induced Pgp-mediated ATPase is
shown in Table S1.
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Pgp-Ligand Binding Affinity Probed by Protein Fluorescence Quenching

Fluorescence changes in proteins caused by drug interactions with
tryptophan residues in or near the drug-binding pocket can be a valu-
able tool for assessing drug-protein binding affinity.® Following pre-
vious works*®’?, Fig. 3 shows the effect of the VAs on Pgp
fluorescence. Panels 3A, 3C, and 3E represent the spectra of VA-
induced Pgp emission decay observed between 300 nm and 500 nm.
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ence of 150 M of VBL, VRL, and VCR, respectively. In the presence of
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Fig. 3. The binding affinity of vinca alkaloids to Pgp determined by the ligand-induced quenching of intrinsic tryptophan fluorescence. A normalized Fluorescence emission decay
spectra of Pgp following excitation at 280 nm in the presence of increasing (A) VBL, (C) VRL, and (E) VCR concentrations. The upper and lower thick lines represent the absence
(0 «M) and the presence of saturating concentrations (150 1M) of the VAs. The fluorescence spectra at the intermediate concentrations are shown in gray lines between the thick
lines. The corrected fluorescence emission amplitudes at 330 nm were plotted as a function of the concentration of (B) VBL, (D) VRL, and (F) VCR in the absence (closed square) and
presence (opened square) of saturating (3.2 mM) AMPPNP. Each data point and error bar represent the average and standard deviation of at least three independent experiments.
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saturating AMPPNP, 150 uM of VBL induced about 34% decrease in
protein fluorescence (not shown). Similarly, VCR and VRL decreased
the protein’s fluorescence by 30% and 38%, respectively, in the pres-
ence of saturating AMPPNP (not shown). The amplitudes of Pgp fluo-
rescence were monitored at 330 nm as either VBL, VRL, or VCR was
titrated against the protein and the resulting fluorescence amplitudes
were adjusted for the inner filter effect using Eqn3. The corrected
fluorescence amplitudes, F(corrected), generated were plotted
against the corresponding concentration of VBL (Fig. 3B), VCR
(Fig. 3D), and VRL (Fig. 3F) in the absence (closed squares) and pres-
ence (opened squares, dashed lines) of saturating AMPPNP. Pgp fluo-
rescence quenching curves for the VAs were biphasic: a high-affinity
phase at relatively low drug concentrations and low affinity at high
concentrations. The K, values were determined by fitting the curves
to Eqn5 for a biphasic binding curve. In the presence of saturating
AMPPNP, the generated Pgp fluorescence quenching curves for the
VAs were monophasic and were fit to Eqn4 to determine the appar-
ent Ky, values. The Kpy and Kp; values for Pgp-drug interactions
were determined from their respective K, iy and K, values obtained
from the protein fluorescence curves. The K, and Kp values for Pgp-
VAs interactions are summarized in Table S2. The K,y and Kp 4 val-
ues for VBL were 0.849 + 0.06 M~ ! and 1.18 + 0.07 M, respec-
tively, which are within the range previously reported.**”* The K,
and Kp for VBL were 0.015 = 0.004 uM ! and 67.67 + 5.08 M,
respectively. In the presence of saturating AMPPNP, a monophasic
fluorescence binding curve was observed for VBL, resulting in K, and
Kp values of 0.052 =+ 0.006 #M ! and 19.26 + 2.25 1M, respectively.
Similarly, the Kq, y and Ky, values deduced for Pgp-VRL interactions
were 0.393 + 0.087 M~ ! and 0.032 + 0.01 uM !, respectively. The
corresponding Kp i and Kp values for VRL were 2.55 + 0.16 ©M and
30.96 + 5.16 M for the high- and low-affinity binding sites on Pgp.
The K, and Kp values deduced from the interaction between VRL and
Pgp in the presence of saturating AMPPNP were 0.040 + 0.019 uM™!
and 25.00 + 2.49 uM, respectively. The Pgp-VCR interactions also
exhibited two distinct binding affinities, with Kp y, and Kp values of
3.84 + 0.61 uM and 24.89 + 5.64 uM, respectively. These Kp values
were derived from the VCR-induced K, iy and K, 1. values, estimated
to be 0.26 + 0.028 uM~! and 0.040 + 0.003 uM™!, respectively.
These results agree with previously reported data suggesting a high
and low-affinity uptake of VCR by Pgp-containing membrane
vesicles.°® AMPPNP shifted VCR into a monophasic binding curve
with K, and Kp values of 0.104 + 0.038 «M~" and 9.58 + 3.51 uM,
respectively.

Ligand-induced Conformational Changes in Pgp Probed by the
Acrylamide Quenching of Protein Fluorescence

Pgp is a conformationally dynamic protein whose catalytic cycle
samples between open-inward to open-outward conformations.
Pgp-mediated transport of ligands is believed to be modulated by
these conformational changes in the protein.*’”’# Changes in the
overall structure of a protein may also affect the accessibility of tryp-
tophan residues within the protein. Ligand-induced conformational
changes in proteins have been estimated previously by probing the
changes in relative exposure of solvent-accessible tryptophan resi-
dues within the protein before and after the addition of ligands.”>~"”
In this study, acrylamide quenching of readily accessible tryptophan
residues was used to investigate the underlying ligand-induced con-
formational changes in the Pgp that modulate the transport of the
VAs by the transporter. The degree of acrylamide quenching is typi-
cally most pronounced when Pgp is in an open-inward conformation,
where the tryptophan residues within or near the binding pockets
are easily accessible by the surrounding solvent. Conversely, acrylam-
ide quenching is minimal in the open-outward conformation due to
the shielding of the solvent-accessible tryptophan residues. Fig. 4

shows the Stern-Volmer plots illustrating the quenching of Pgp fluo-
rescence by acrylamide in the presence of the selected VAs under
study. The slopes obtained from these curves, which are equivalent
to the K, values, provide an estimate of the extent of quenching.
Changes in the estimated K, value indicate a shift in the protein’s
tertiary structure, influencing the number of solvent-accessible tryp-
tophan residues. Fig. 4A presents the Stern-Volmer plot of NATA
(Fig. 4A, opened circle) and Pgp (Fig.4A, opened squares) in the
absence of ligands (apoPgp). The K, values were determined by fit-
ting the curve into Eqn6 after accounting for the inner filter effect,
dilution, and background with Eqn3 and are summarized in Table S3.
The estimated K, values for NATA (a free tryptophan analog) and
apoPgp were 31.54 & 2,19 M~! and 4.17+ 0.15 M, respectively.
Had all the tryptophan residues in the protein been solvent-accessi-
ble, the estimated K, value of apoPgp would have been expected to
match that of NATA. However, since acrylamide quenching of the
tryptophan residues are only feasible when the distance between the
fluorophore and the quencher is < 3 A’%, most of the tryptophan resi-
dues in Pgp are likely buried within the hydrophobic region of the
protein and are not readily solvent accessible.”® In fact, reports sug-
gests that only 3 out of the 11 tryptophan residues in Pgp are likely
completely solvent-accessible.”® Note that the solved x-ray structure
of mammalian apoPgp and other analogous bacterial transporters
showed the protein in an open-inward conformation.?! Subse-
quently, it was assumed that the K, value of apoPgp represents the
protein in an open-inward conformation, where the two nucleotide-
binding domains (NBDs) are apart. In the presence of saturating
AMPPNP, the K, value of Pgp decreased to 1.99 + 0.04 M~! (Fig. 4B,
closed triangle), suggesting a shift to the open-outward conformation
where the fluorescence residues are relatively occluded from the
bulk solvent. This inference is based on reports showing an open-out-
ward conformation in X-ray crystal and cryo-EM structures of Pgp in
the presence of nucleotides.?*%* Stern-Volmer’s plots of Pgp in the
presence of 10 M of VBL, VRL, and VCR are presented in panels 4C,
4E, and 4G. These plots (as well as 4D, 4F, and 4H) compare the fluo-
rescence quenching in the absence (closed square) and presence
(opened square) of 3.2 mM AMPPNP. The estimated K, values
deduced from the Stern-Volmer plots of Pgp in the presence 10 uM
of either VBL, VRL, or VCR were 3.87 + 0.16 M, 3.91 + 035 M/,
and 4.02 + 0.15 M, respectively, which suggest that the binding of
VAs to Pgp at low concentrations does not significantly influence the
conformation of the protein. In the presence of saturating AMPPNP,
however, the K, value obtained for the VAs at 10 #M decreased con-
siderably to 1.84 + 0.03 M, 2.04 + 0.05 M, 2.58 + 0.07 M~ for
VBL, VRL, and VCR, respectively. In the presence of 150 M of VBL,
VRL, and VCR, the K, values deduced from the Stern-Volmer’s plot of
Pgp fluorescence were 3.94 = 0.19 M~', 4.10 + 0.05 M, and 4.30 +
0.12 M1, respectively. The K, values induced by 150 +M VBL, VRL,
and VCR decreased significantly to 2.75 + 0.047 M, 2.85 + 0.08
M~!, 3.6 + 0.09 M~!, respectively, in the presence of saturating
AMPPNP. Taken together, these results suggest that the binding of
nucleotides induces the conformational shift in Pgp necessary for
transport.

Identification of Ligand-Receptor Interactions by STDD NMR

STD NMR is a robust spectroscopic technique that can be used to
study the interactions between proteins and ligands in solution.*®%*
In this study, we employed the STDD NMR technique to investigate
the specific moieties on VAs that likely interact with Pgp. Fig. 5 dis-
plays the STDD NMR spectra, highlighting the protein-ligand interac-
tions between the VAs and Pgp. Panels 5A, 5C, and 5E show the 1D 'H
STDD NMR spectra for VBL, VRL, and VCR, respectively. STDD spectra
for the VAs were compared with their respective 1D 'H spectra (data
not shown) to identify and assign the peaks that showed significant
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Fig. 4. Vinca alkaloid-induced conformational changes in Pgp probed by acrylamide quenching of protein fluorescence. (A) Stern-Volmer plot for NATA (open circles) and apoPgp
(open squares). (B) Stern-Volmer plot for Pgp fluorescence in the absence (open triangle, dotted line) and presence of 3.2 mM AMPPNP (closed triangle, dashed line). Panels (C) and
(D) depict the fitted Stern-Volmer plots of Pgp induced by 10 «M and 150 M of VBL, both in the absence (closed square) and presence (open square) of 3.2 mM AMPPNP. (E) 10
uM and (F) 150 M VRL-induced Stern-Volmer plots of Pgp fluorescence in the absence (closed square) and presence (open square) of 3.2 mM AMPPNP. For comparison, Stern-
Volmer plots of apoPgp without (dotted lines) and with AMPPNP (dashed lines) are shown in panels C-H. Data points and error bars represent the mean and standard deviation,

respectively, from a minimum of three independent experiments.

STDD. The 1D 'H spectra observed for the VAs under study were con-
sistent with previously reported studies.®>~87 Due to their relatively
large molecular sizes, the VAs exhibited substantial STDD NMR sig-
nals from various functional groups. Interestingly, identical groups
on VBL, VRL, and VCR displayed significant STDD NMR signal ampli-
tudes, with the highest peaks originating from the methyl groups.

Specifically, signals from Cg5, C4q, and Csg (see Fig. 1) displayed the
highest amplitudes for VBL, VRL, and VCR, respectively. The data
obtained from the STDD NMR spectrum were fit to Eqn7 to calculate
the amplification factor, which normalizes the STDD amplitudes and
accounts for multiple protons giving rise to a single peak. Category
plots of STDD amplification factors estimated for VBL, VRL, and VCR
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Fig. 5. The functional groups of vinca alkaloids involved in its interactions with Pgp investigated by STDD NMR technique. (A) (C), and (E) represent the 'H 1D STDD NMR spectrum
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peaks

are presented in panels 5B, 5D, and 5F, respectively. On average, VBL
exhibited the highest STDD amplification factors per peak, followed
by VRL. C,7 notably displayed the highest amplification factor for the
three drugs, indicating its potentially critical role in the interaction
between VAs and Pgp. In addition, other protons from Csg, Ca7, Cso,
Cys, C30, and Cyg (Fig. 5; see Fig. 1) showed significant amplification
amplitude for the Pgp-VAs interactions. Note that the STDD NMR
experiments were limited by the concentration of the ligand that can
be employed. At lower ligand concentrations, it was impossible to
generate a sufficient signal-to-noise ratio for efficient STDD NMR
analysis.®® This development limited the ability to characterize the
functional groups involved in Pgp-VA binding into high-and low-
affinity. For simplicity, the common functional groups on the VAs
involving in its binding to Pgp are shown in Fig. S1.

Analysis of the impact of VBL, VRL, and VCR on the height distribution of
Pgp determined by AFM imaging

The catalytic function of Pgp relies significantly on its conforma-
tional transition from an open-inward orientation (open towards the
cytosolic region) to an open-outward orientation (open to the extra-
cellular environment).*® AFM is a high-resolution imaging technique
that has been used to explore ligand-induced conformational
changes in Pgp.®” Ligands efficiently transported by the protein typi-
cally facilitate conformational changes that reposition the protein
into an open-outward configuration.? AFM imaging was employed
to investigate drug-induced conformational shifts that might influ-
ence Pgp-mediated transport of the VAs. While techniques like X-ray
crystallography and cryogenic Electron Microscopy (cryo-EM) have
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butions were compared using a Student’s T test and, following convention,

* indicates p < 0.05 and ** indicates p < 0.01. (F) Following fitting with multiple Gaussian distributions

using a model selection criterion (see Supplemental Information Fig. 1), features representative of the tallest (open-outward, h ~ 80 A) and middle (open-inward, h ~ 68 A) popula-
tions were selected for apoPgp (top row). In the presence of vinca alkaloids, the tallest population shifted downward to heights more typical of an open-inward state. Features with

these heights are shown for VBL, VRL, and VCR; scale bars = 100 A.

contributed significantly to our understanding of this protein, they
rely on the average coordinates of atoms to determine the structures
of biological molecules.” In contrast, AFM imaging has the advantage
of sampling through various conformations of a biological molecule,
allowing the identification of conformational changes in individual
molecules.”!

Fig. 6 provides insights into ligand-induced conformational
changes in Pgp determined by AFM imaging. The identification of C-
domains and EC-domains within the lipid bilayer was achieved by
measuring the particle heights as in previous work.”” The C-side fea-
tures were identified based on heights ranging from 55 to 90 A. On
the other hand, heights between 10 Aand 35 A were attributed to EC-
side features (Fig. 6A). C-side-specific antibodies for Pgp have been
employed in a previous study to ensure a robust differentiation of the
C-side from the EC-side.”” Smoothed histograms demonstrating
height shifts in the C-side features of Pgp in the absence (Fig. 6B-D;
black lines) and presence of saturating VBL (Fig. 6B), VRL (Fig. 6C),
and VCR (Fig. 6D) are shown in Fig. 6. Analysis AFM imaging focused
on C-side features due to the prominent conformational dynamics on
that side of the protein compared to the E-side. To address potential
batch-to-batch variations in the samples being imaged, we initiated
the AFM imaging process by capturing images of Pgp without ligands.
Subsequently, test compounds were introduced to the sample, and
the imaging procedure was repeated. This approach also ensures that
any observed shift in features occurs within a reasonably consistent
distribution of Pgp protrusions. The AFM imaging data were analyzed
using a comprehensive model selection criterion (See Supporting
Information Fig. S1) and shifts in the tallest population were closely
examined.

The sample size (N) of C-side features of apoPgp analyzed
prior to the addition of VBL was 707, with the average height
centered around 69 + 9 A (+0). The addition of 150 M of VBL
(N=609) shifted the height distribution slightly to the left, with

the mean height reducing to 68 + 9 A (Fig. 6E, orange). Analysis
of the C-side features was repeated for VRL and VCR. For VRL,
apoPgp (N = 1241) had a mean height of 68 + 8 A. Upon the
addition 150 uM VRL (N=984), a reduction in the average height
of C-side features was noted, measuring 67 + 8 A (Fig. 6E, yel-
low). The number of C-side features of Pgp analyzed before and
after adding VCR were 935 and 847, respectively. The introduc-
tion of 150 M VCR decreased the mean height from 69 + 9 A
(apoPgp) to 68 + 8 A (Fig. GE, green).

Discussion

The clinical application of some of the most pre-clinically potent
chemotherapeutic agents is often limited by extreme non-target
cytotoxicity. The action of Pgp, which pumps these drugs out of cells,
necessitate the use of higher than necessary physiologically relevant
dose, resulting in intolerable systemic toxicity. The use of Pgp inhibi-
tors, concurrently with anticancer agents, has been touted but
yielded little success.”®> Moreover, effectively inhibiting the function
of Pgp may pose other serious health complications since the protein
plays a crucial role in protecting susceptible tissues, such as those of
the brain and testis. A better approach to efficient chemotherapy
would involve the development of chemotherapeutic agents capable
of overcoming Pgp-mediated efflux. A comprehensive understanding
of the mechanisms underlying the differential transport of drugs,
such as the VAs, is required to address this challenge. In this regard, a
model aimed at elucidating the intricate process of Pgp-mediated
transport of the VAs is presented in Fig. 7.

In silico*® and biophysical data®”** collectively suggest the exis-
tence of at least two distinct binding sites on the protein for the VAs:
one characterized by high affinity and the other, low affinity. The
high-affinity site is purportedly located closer to the outer leaflet of
the membrane, within the conventional central cavity.**%> The
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Fig. 7. Model illustrating VA-induced activation of Pgp-mediated ATP hydrolysis and transport. The figure illustrates cartoons of Pgp in the open-inward (A, B, D), opened outward
(C), and intermediate (E) conformations. Pgp is represented in solid black, with the black circular region labeled ‘N’ representing the nucleotide-binding domain (NBD). Molecules of
vinca alkaloids are shown as diamonds. H and L depict the proposed high-and low-affinity binding sites, respectively, of the vinca alkaloids on Pgp. The size of the vertical arrows

reflects the degree of Pgp-mediated ATP hydrolysis and transport of the vinca alkaloids.

lower-affinity site is located on the surface of the protein around the
protein-lipid interface, closer to the inner leaflet of the membrane.*°
We proposed that at low substrate concentrations, VAs bind to the
high-affinity binding sites within the central cavity of the protein,
stimulating ATP binding and hydrolysis (Fig. 7). The rate of ATPase
activity induced by VBL at relatively lower concentration was approx-
imately 2- and 9-fold higher compared to VRL and VCR, respectively
(Fig. 2). Given that other previous reports indicate a direct interrela-
tionship between the rate of Pgp-mediated ATP hydrolysis and trans-
port for most substrates’’, we infer that among the three drugs
tested, VBL is the most effectively transported by Pgp at lower drug
concentrations. Applying the same analogy, VCR would be expected
to be the least transported. This observation aligns with experimental
data showing that the transport rates among the tested VAs are in the
order VBL > VRL > VCR.>>*!°S pgp-mediated stimulation of ATPase
activity and transport may typically be underpinned by two primary
mechanisms: Pgp-ligand binding affinities and ligand-induced con-
formational changes in the protein. Binding studies employing
ligand-induced quenching of tryptophan residues (Fig. 3) revealed
that at low substrate concentrations, the affinity of VBL to Pgp is
approximately 116% and 225% higher than that of VRL and VCR,
respectively. These findings are further reinforced by the identifica-
tion of groups in VAs potentially engaged in Pgp-VAs interactions.
Protons linked to the C3o moiety (Fig. 1 and Fig. 5), which characteris-
tically distinguishes VBL from VCR, displayed notable but varying
STDD amplification factors, with VBL exhibiting the highest level of
STDD. Furthermore, a previously solved cryo-EM structure of VCR-
bound Pgp indicates the possibility of an aldehyde-amide condensa-
tion reaction involving Cs, moiety on the VAs.°> A template-fit
molecular docking® and subsequent analysis using LigPlus soft-
ware®® revealed similar interactions between C30 on VCR and gluta-
mine residue 990 (Fig. S3F). This condensation reaction may have
contributed significantly to the disparities observed in the differential

affinity of the VAs to Pgp. On the contrary, no such interaction was
observed for VCR at the low-affinity site. As noted in Fig. S3, the inter-
actions between the VAs and Pgp at both the high-and-low affinity
sites were predominantly hydrophobic, with methyl groups showing
significant hydrophobic interactions with Pgp residues. Notably, VBL
exhibited relatively higher number of hydrophobic interactions with
Pgp residues, consistent with our experimental data. Unfortunately,
besides the methyl groups of the VAs that consistently showed simi-
lar hydrophobic interactions with Pgp, all other forms of non-hydro-
phobic bonding appear ligand-specific. This development made it
difficult to hone in on the polar functional groups on VAs involved in
Pgp-VA binding at the high-and-low affinity sites without being
ligand specific.

Surprisingly, conformational studies (Fig. 4) showed that the VAs
have no significant impact on Pgp conformation at low substrate con-
centrations (10 «M). This finding was unexpected, as most Pgp sub-
strates typically induce notable shifts in the protein’s
conformation.*®°° However, it is likely the concentration used (10
M) might not have been sufficient to saturate the high-affinity
binding site and induce observable conformational changes. An ear-
lier study that employed hydrogen-deuterium exchange mass spec-
trometry also reported similar observations for VBL.'%° Based on our
data and previously reported studies®®®>'% it appears that at the
concentrations tested (10 «M), differences in ligand-induced confor-
mational changes in the protein may not be the bottle-neck for trans-
port. Instead, the differential binding affinity likely serves as the rate-
limiting mechanism governing the transport of VAs by Pgp. Note that
these results do not rule out the possibility of ligand-induced changes
in the conformational dynamics of individual peptide segments that
facilitate the coupling between the drug binding sites and the NBDs.
While such changes may not be readily detectable using the techni-
ques employed in this study, they could still be significant enough to
stimulate transport. For instance, although the binding of VBL!?!102
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and VCR®® to Pgp did not result in significant structural differences in
the overall protein structure compared to the drug-free state, altera-
tions in the structure of transmembrane helix 12 (TM12) were
observed upon binding.”® These alterations are expected as TM12
plays a pivotal role in mediating communication between the central
drug-binding cavity and NBDs.'??

Interestingly, at higher drug concentrations, the VAs seem to
occupy the low-affinity site, purportedly located at the interface
between the protein and the lipid bilayer.?° At these higher drug con-
centrations, the ATPase activity induced by the VAs were inhibitory
(Fig. 2). Two available theories can explain the observed inhibition of
ATPase activity by the VAs. Firstly, numerous studies have linked the
traditionally elevated basal ATPase activity of Pgp to the presence of
endogenous substances, such as cholesterol, within the lipid
bilayer.'%* Although not transported by Pgp'%, these endogenous lip-
ids may be flip-flopped between the lipid bilayer leaflets.'°®'%7 A
ligand, interacting with the same binding sites as these endogenous
substrates but at a slower rate, may appear to inhibit the rate of
ATPase activity since the observed Pgp-mediated ATPase activity
encompasses both the basal and ligand-induced activation. This line
of reasoning is supported by the suggested location of the inhibitory
binding sites of the VAs® and the notion that Pgp-mediated ATPase
activity depends on a complex interplay between ligands, the mem-
brane environment, and the protein itself.'® The second theory pos-
its that VAs exhibit behaviors akin to certain inhibitors such as
tariquidar and verapamil. These inhibitors act as substrates at low
concentrations and inhibitors at higher concentrations.®® The latter
theory, among the two proposed, is the most substantiated by the
available literature. When the VAs bind to the second site, they likely
impede the necessary protein reorientation required for substrate
transport. However, unlike potent inhibitors, the VAs exhibit rela-
tively lower affinity for the second binding site (Fig. 3), making them
unlikely candidates as potent Pgp inhibitors. Studies have revealed
that the second binding site is surrounded by multiple transmem-
brane helices (TM4, TM10, TM9, and TM12).%° Additionally, the sur-
face of the inhibitory/second binding site features several
phenylalanine residues that interact with the bound ligand®*°>, sug-
gesting that the binding of the VAs at this site may heavily depend on
weak hydrophobic interactions. The binding of Pgp inhibitors to the
inhibitory binding sites on Pgp appears to restrict TM9 and TM10°°,
the two transmembrane helices known to prevent substrate
translocation.'®>!"% The inhibitory site is also believed to obstruct
the access tunnel and vestibule of the protein, preventing the neces-
sary shift when a substrate binds to the central binding cavity.>® The
K; values extracted from the ATPase kinetic curves for VAs (Fig. 2)
suggest that VCR has the highest inhibitory potential at higher sub-
strate concentration, followed by VRL and VBL. In addition, the order
of affinity to Pgp at the inhibitory binding site, Kp,y, is a reverse of the
stimulatory binding site (Fig. 3, Table S2). VCR exhibited the highest
binding affinity at the inhibitory site, followed by VRL.

Even though there were some differences in the Pgp conforma-
tional changes induced by the VAs at 150 M, these changes were
not substantial. These observations concur with the AFM imaging
results, which assessed changes in the height distributions Pgp pro-
trusion within the cytosolic region when exposed to 150 uM VAs
(Fig. 6). VBL (Fig. 6B) and VRL (Fig. 6C) had minimal impact (~1 A) on
the average C-side height. VCR (Fig. 6D) shifted the distribution the
most, though still a modest 1.4 A difference in the means. This indi-
cates a greater increase in the number of C-side features with heights
corresponding to wide open-inward conformations, which is associ-
ated with shorter C-side protrusion. Studies have shown that the acti-
vation of Pgp-mediated transport is often dependent on ligand-
induced conformational changes in Pgp.*®%° Pgp-mediated transport
would be minimal when the protein is in a predominantly wide
opened inward conformation.”” Based on these results, we can infer

that, compared to the other two tested drugs, VCR exerts the highest
inhibitory influence on Pgp-mediated transport under saturating
substrate concentrations. The inhibitory potential is evident from the
ability of VCR to shift the protein’s conformation, resulting in a 1.33-
fold increase in the widely open-inward conformation relative to the
apo condition (Fig. 6 & Fig. S1). This is a slightly larger effect com-
pared to that of VBL and VRL, which increased open-inward confor-
mations 1.28-fold and 1.23-fold, respectively. The subtle
conformational changes detected via the sensitive AFM probe may be
associated with the underlying structural mechanism mediating the
transport of VAs by Pgp.

Remarkably, when AMPPNP was present, VAs at low concentra-
tions (10 M) induced a conformational shift in Pgp similar to satu-
rating AMPPNP alone (Fig. 4), indicating an open-outward
conformation. This similarity in conformational changes may be
attributed to the low substrate concentration used in comparison to
the saturating concentration of AMPPNP. At both saturating drug
(150 uM) and AMPPNP (3.2 mM) concentrations, the VAs induced a
shift in Pgp conformation that is intermediate between open-inward
and open-outward (Fig. 4). However, the conformational shift
induced by saturating VCR (Fig. 4H) in the presence of AMPPNP was
lesser than those observed for VBL (Fig. 4D) and VRL (Fig. 4F). On the
contrary, there was no significant difference observed between the
effects of VBL (Fig. 4D) and VRL (Fig. 4F).

There is a demand for the next generation of VAs with increased
response rates and manageable toxicity. The development of vinflu-
nine, a third-generation vinca alkaloid with lower toxicity, is promis-
ing.'"! Unfortunately, vinflunine is less potent and requires at least a
17-fold higher concentration for a similar effect as VCR.!'? Secondly,
the development of new derivatives has been laborious with little
success. Identification of functional groups involved in Pgp-VAs inter-
actions may offer new hope for a rational drug design. The STDD NMR
revealed that comparable groups on the VAs are involved in Pgp
interactions. Peaks from proton linked to C,7 on the indoline group of
the VAs (see Fig. 1 and Fig. 5) showed the highest interaction with
the protein. In addition, the methyl groups appear to be highly
involved in drug-Pgp interactions, as shown by the significant 1D 'H
STDD NMR signals from Csg, C41, C42, Cs0, Csg, and Cs;. Perhaps this
explains why substituting a methyl group on VBL (see Fig.1; Nqq)
with an aldehyde (VCR) resulted in disparate Pgp-mediated efflux
rates between the two drugs. VBL showed the highest average STDD
amplification factor, which supports our drug-protein affinity data
(Fig. 3). Reducing hydrogen bond acceptor (HBA) groups''® at regions
implicated in Pgp-drug recognition revealed by the STDD NMR analy-
sis (Fig. 5) could potentially lead to the development of next-genera-
tion VAs capable of evading the transporter. For instance, altering
specific methyl functional residues (C30, C41, C42, C50, C56, and C57)
in the VAs that exhibited notable STDD NMR amplification factors
could lead to the development of novel derivatives of VAs with either
a reduced affinity or enhanced ability to evade the activity of the
transporter. This development would enhance cellular accumulation
and improve the effectiveness of the VA as chemotherapeutic agents.
While this approach holds promise for the development of improved
derivatives, a limitation lies in the potential loss of functionality. This
bottleneck could be adrressed by coupling our understanding of the
functional groups responsible for the binding of the VAs to Pgp with
available structure-activity relationship (SAR) studies for the VAs and
microtubules''*'"> potentially guiding us in our search for more
effective next-generation vinca alkaloid derivatives.

Fig. 7 illustrates a model, derived from the summary of our data
and existing literature, that depicts a probable mechanism for Pgp-
mediated transport of VAs. At low substrate concentrations, VAs bind
to the stimulatory binding site located within the central cavity of
the protein. During this phase, no significant conformational change
takes place. However, subtle alterations in TM 12 promote ATP



1972

binding at the NBDs, causing the protein to shift into an open-out-
ward conformation, thus facilitating transport (Fig. 7A —>7B —>7C).
However, at high substrate concentrations, VAs occupy both the
stimulatory and inhibitory binding sites on Pgp. With both binding
sites engaged, ATP binding induces an intermediate conformational
state between open-inward and open-outward (Fig. 7A —>7B—>7D
—>7E). This intermediate conformation inhibits Pgp-mediated ATP
hydrolysis and transport. The model presented in this study may be
extrapolated to account for Pgp-mediated transport of substrates
with at least known Pgp-coupled ATPase kinetic data.

In summary, our findings elucidate a probable structural mecha-
nism governing the Pgp-mediated efflux of VAs. We have also identi-
fied the potential functional groups on VAs involved in substrate
recognition and binding to Pgp. These findings, coupled with SAR
studies involving VAs and microtubules, could lay the foundation for
rational drug design aimed at the next-generation VAs that show
higher efficacy and less systemic toxicity.
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